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Introduction 


The study of plant growth substances 
has involved principally two major fields: 
(a) effects of ‘‘auxins” on higher plants 
and (b) effects of accessory growth sub- 
stances on microdrganisms. Until the 
present time little effort has been made 
to correlate these two fields, while studies 
of the effects of synthetic growth sub- 
stances upon the lower plant forms have 
been limited. Since practical usage in 
agriculture and horticulture of the 
growth-regulators is extensive, such use 
may have important bearings on the 
microflora of the soil. Several investiga- 
tors (15, 18) have suggested that the 
rates of disappearance of certain growth- 
regulating substances used as herbicides 
and the loss of their toxicity in the soil 
may be a result of the ability of certain 
microérganisms either to utilize or to de- 
compose these substances. The possible 
role of microérganisms in the disappear- 
ance of such substances has led several 
workers (5, 6, 8, 14, 19, 24, 25, 31) to in- 
vestigate the effects of these substances 
on bacteria. Two of these papers (5, 14) 
have reported toxic effects on filamen- 
tous fungi. 


'The terms “growth substance” and “growth- 
regulating substance” as used in this paper refer 
specifically to synthetic chemical substances 
(‘‘auxins” or “plant hormones’) known to induce 
bending in the Avena coleoptile and pea tests. The 
usage of the term is not intended to imply that 
these substances have proved essential for cell 
growth, multiplication, or proliferation of micro- 
organisms. 
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Doubling of the rate of cell division 
and stimulated growth of bacteria in the 
presence of indole-3-acetic acid have 
been reported (1, 3). GRACE (9) found an 
acceleration of gas production by Baker’s 
yeast in fermenting sugar solutions to 
which low concentrations of naphtha- 
leneacetic acid, indoleacetic acid, or the 
propionic and butyric homologues of the 
latter had been added. At high concen- 
trations of these same substances fer- 
mentation was repressed. These stimu- 
lating effects on yeast fermentation have 
been substantiated by Turritr (28) in 
an experiment with the English top-fer- 
mentation type grown aerobically and 
anerobically in solutions of beta-indole- 
acetic acid and alpha-naphthaleneacetic 
acid. 

Studies of the effects of growth-regu- 
lating substances on the filamentous 
fungi have been limited principally to 
tests with indole-3-acetic acid. Several 
authors (4, 12, 13, 16) have concluded 
that all higher concentrations of hetero- 
auxin proved inhibitory or toxic, while 
lower ones failed to induce stimulation. 
WOLF (30) tested varying concentrations 
of alpha-naphthaleneacetic acid on the 
fungi Achlya bisexualis and Saprolegnia 
while Murpia (16) examined 
growth of several members of the Sapro- 
legniaceae in the presence of beta-indole- 
acetic acid and phenylacetic acid. Nei- 
ther author reported acceleration. RoNs- 
DORF (22), using pure auxin a with sever- 
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al filamentous fungi, was unable to re- 
cover the auxin or to demonstrate any ef- 
fects on the growth of the fungi. 

Since most reports of the effects of 
growth-regulating substances on filamen- 
tous fungi have been neither conclusive 
nor exhaustive, it seemed desirable that 
a new approach to the problem should be 
undertaken. The purposes of this paper 
are to report the specific effects of vary- 
ing concentrations of a few widely used 
growth-regulating substances upon the 
vegetative growth rates and germination 
of spores of some representative filamen- 
tous fungi. 


Material and methods 


The experimental work was divided 
into two phases: determination of (a) the 
linear growth rate of four filamentous 
fungi in the presence of varying concen- 
trations of four different growth-regulat- 
ing substances in agar media and (6) the 
effects of these same substances on ger- 
mination of conidiospores of Aspergillus 
candidus. 

The test organisms represented three 
classes of the fungi, the Phycomycetes, 
the Ascomycetes, and the Basidiomy- 
cetes. Cultures of three species, Phyco- 
myces blakesleeanus (+ strain, NRRL 
#1465), Aspergillus candidus (NRRL 
# 308), and Neurospora tetrasperma (# A- 
1700), were obtained from the North- 
ern Regional Research Laboratories, 
U.S.D.A., at Peoria, Illinois. A single 
spore isolated from a fruiting body col- 
lected at Lake Geneva, Wisconsin, fur- 
nished a primary mycelium (haploid 
phase) of Schizophyllum commune. Stock 
cultures for spore transfers and vegeta- 
tive mycelia were maintained on Difco’s 
potato-dextrose agar medium. 

A synthetic medium for the growth of 
A. candidus, S. commune; and N. tetra- 
sperma was prepared as follows: 
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Dna a OS 20.0 gm. 
Peptone (Difco)......... 2.0 gm. 
DIBSO OFFA ooo e560: °o.5 gm. 
Seer ere 0.001 gm. 


(PO,) M/50 buffer sol.... 1000.0 mi. 


(Prepared with KH,PO,/K.HPO, to 
M/s50 at desired pH) 


Two per cent agar was used for solidifica- 
tion. Water redistilled in Pyrex glass was 
used in all the experimental work. 

The growth of P. blakesleeanus was ir- 
regular on this synthetic medium, so that 
potato-dextrose agar was substituted. 

Four growth-regulating substances— 
indole-3-acetic acid, alpha-naphthalene- 
acetic acid, 2,4-dichlorophenoxyacetic 
acid, and 2,4,5-trichlorophenoxyacetic 
acid (hereafter referred to in this paper 
as JAA, NAA, 2,4-D, and 2,4,5-T)—were 
used. They were selected because each 
has been recognized as physiologically 
active in its effects on higher plants. The 
IAA and NAA, obtained from the East- 
man Kodak Company, were used with- 
out further purification. The 2,4-D, 
batch #133, from the Dow Chemical 
Company, was purified by the method 
described by BANDURSKI (2). Commer- 
cial 2,4,5-T from the American Paint and 
Chemical Company was purified by re- 
crystallization from water. 

Preliminary tests with these sub- 
stances in concentrations of 0.1, 0.05, 
0.025, 0.01, and 0.001% indicated that 
vegetative growth usually was inhibited 
at 0.1%. S. commune and N. tetrasperma 
in the presence of 0.1% IAA and A. can- 
didus and S. commune on the medium 
with 0.1% 2,4,5-I were exceptions to 
this. The only instances of complete in- 
hibition of growth on media containing 
0.05% of these compounds occurred with 
S. commune and N. tetrasperma in the 
presence of NAA. It has been pointed out 
(11) that the lowest active concentra- 
tions of growth-regulators, such as indole- 
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3-acetic acid, indole-3-butyric acid, al- 
pha-naphthaleneacetic acid, and auxin a, 
are equally active for equal molar con- 
centrations in the standard Avena test. 
In the present investigation the effects of 
the substances were tested through the 
concentration range 10~* to 1074 molar. 
Because an extended concentration range 
was of necessity involved, the actual con- 
centrations chosen were logarithmically 
distributed. Since the choice of a loga- 
rithmic series departs from the usual 
procedure, the concentrations used are 
converted for clarity to approximate per- 
centage equivalents in table 1. A mini- 
mum of six different concentrations of 
each of the four substances was used in 
the final tests on each of the four fungi. 
The concentration which just inhibited 
germination of spores or the growth of 
the mycelium for the particular fungus 
was used as the maximum concentra- 
tion in establishing the range of each 
series. 

In order not to subject the acid growth 
substances to prolonged sterilization by 
heat, and to overcome the problem of 
acid hydrolysis of the agar, it appeared 
desirable to add the growth-regulators 
after sterilization of the media had been 
completed. Acetone was employed as a 
solvent for the growth substances and, 
when added to the other ingredients, con- 
stituted 1% of the final medium. The so- 
lutions were always freshly prepared for 
each series, so that the growth-regulators 
could be added immediately to the hot 
agar medium upon its removal from the 
autoclave. 

Two controls were used in each experi- 
ment. The principal control contained 
1% acetone added to the basic medium. 
The second control consisted of the basic 
agar medium which served as a check on 
the amount of growth on the acetone 
control. Little difference in either ap- 
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pearance or growth rates was found be- 
tween these two controls. 

Lots of media for the varying test solu- 
tions and controls were dispersed in 
flasks in 200-ml. quantities. Nine Petri 
plates were poured from each 200-ml. 
amount so that each plate contained ap- 
proximately 22 ml. Seven replicates were 
used for each fungus at each concentra- 
tion level, and two were used for deter- 
mining the hydrogen-ion concentration. 


TABLE 1 
CONVERSION OF MOLAR CONCENTRATIONS TO 
PERCENTAGE EQUIVALENTS 


PERCENTAGE EQUIVALENTS 











Morar a — 
CONC. 
IAA NAA 2,4-D |} 2,4,5-T 
0.01 | 0-175 | © 186 | 0.220 | 0.254 
.0075* | .1312*] .1395*) .1651*] .1905* 
0057 | .0997 | .1060 1264 | 1447 
00316 .0553 | .0587 | .0695 | .o802 
.0018 -O315 0334 | 03906 | 0457 
.OOI .O175 .0186 | .0220 | .0254 
. 00057 . 0099 .o106 | O125 | .O144 
.000316 | .0055 | .0058 | .0069 | .co80 
00018 .0031 .0033 | .0039 | .0045 
c.ooor {| oO OOI7 | 0.0018 0.0022 0.0025 


* An intermediate strength added to the series as an in- 
hibiting concentration for some of the fungi. 


In the preliminary tests replicates of 
fives were used. 

For measurement of linear growth rates 
three of the fungi, A. candidus, S. com- 
mune, and P. blakesleeanus, were grown 
in 100 X15 mm. Petri dishes. The 
growth rate for JN. letrasperma was meas- 
ured in tubes similar to those described 
by RYAN et al. (23) but modified by seal- 
ing one end of the tube. These tubes, 40 
cm. in length, had an inside diameter of 
13 mm. 

Conidiospores of 15-day cultures of A. 
candidus and 3-5-day cultures of NV. 
ltetrasperma were used as inoculum for 
these two species. Potato-dextrose agar 
blocks, 2 mm. square, containing hyphal 
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tips of P. blakesleeanus and S. commune 
served as inoculum for these species. A 
period of 20-48 hours, depending upon 
the rapidity of growth for each species, 
was found necessary for spores to germi- 
nate and produce a visible mycelium or 
for the mycelium from agar blocks to 
grow onto the agar in the plates. The 
period required for establishment of a 
regularly growing new mycelium was re- 
garded as a latent period. Growth during 
this period, therefore, was not included in 
determining growth rates and in plotting 
graphs (figs. 1, 2), although the actual 
age of the colony has been mentioned in 
the text. Linear growth of the vegetative 
mycelium beyond the limits of that at- 
tained during the latent period was meas- 
ured along six radii at time intervals 
which varied for each fungus. The limits 
of the circular mycelium established at 
the end of these periods was taken as the 
zero point for subsequent measurements 
of radial growth. The species grew at 
rates which permitted marking and 
measuring as follows: P. blakesleeanus, 6, 
12-22 hours; S. commune, 48 hours; A. 
candidus, 96-192 hours; and N. tetra- 
sperma, 24 hours. Although there are cer- 
tain objections to the linear-growth 
method, under conditions where only a 
single factor is varied these objections 
are less important than the benefits of- 
fered. The use of the linear growth meth- 
od permitted hourly (or daily) measure- 
ments without disturbing the mycelia for 
dry-weight determinations. 

Two types of graphs were plotted from 
the data obtained. First, total growth in 
millimeters (ordinates) was plotted 
against unit time (abscissae). In most in- 
stances the plotted points were found to 
have a linear sequence, with the slope of 
the curves varying for the different sub- 
stances used with any one fungus. Such 
graphs were drawn from data for the four 
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substances and the four test fungi. Two 
of them (figs. 1, 2) have been included as 
examples of the procedures used. 

From these curves of linear growth 
rates the total growth between any two, 
or more, points was used to establish the 
average growth rate per unit time for 
each concentration of the test substance. 
This value was converted to percentage 
of the growth rate of the acetone control 
for the same interval of time. These per- 
centages were then plotted in second 
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Fic. 1.—S. commune with 2,4-D (acid) 


curves (figs. 3, 4, 6, 7, 12, 15, 16) as func- 
tions of the log molar concentration of 
the growth substances. This established 
a comparison for the effects of the vari- 
ous concentrations of the substances on 
the different fungi. 

In most of the experiments growth and 
morphological characteristics of the my- 
celium on the acetone control were found 
to parallel closely those of the agar con- 
trol (fig. 1), although the effects of the 
acetone were usually slightly depressing 
to growth. The final tables were compiled 
and graphs drawn from comparison with 
the acetone control, since it differed from 
the experimental media in only one re- 
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spect, namely, the absence of the 
growth-regulating substance. 

Cultures were maintained at a con- 
stant temperature of 25° C. except for a 
few days of intense heat and high humid- 
ity during August, 1947, when significant 
temperature changes were unavoidable. 
A. candidus appeared to be the only one 
of the fungi visibly affected by the high 
temperature during this period. Its 
growth was depressed in both the con- 
trols and the test plates at a temperature 
which reached 27° C. 

Since hydrogen-ion concentration is 
known to affect growth rates of many 
fungi, the four test organisms were grown 
in preliminary experiments at hydrogen- 
ion concentrations varying from pH 4.5 
to 7.5 to determine the optimal pH 
range. Growth was essentially unaffected 
in the range of pH 5.1-6.0. All lots of 
media, therefore, were buffered with 
M/s0 phosphate buffer at pH 6 before 
sterilization. Previous experimentation 
had shown that the process of steriliza- 
tion and the addition of the acid growth- 
regulating substances at various concen- 
trations lowered the pH of the buffered 
medium. The effect of the different sub- 
stances in the concentration range 10~’ to 
10-3 M was to decrease the pH values to 
5.1-5.8. Within the range 103 to 10-4 M 
addition of the specific substances low- 
ered the values to pH 5.5~—5.8. With the 
exception of the higher concentrations of 
2,4,5-T, all final hydrogen-ion concentra- 
tions were within the optimal growth 
range for each fungus, and no attempts 
were made to adjust the pH value of the 
medium after addition of the growth- 
regulating substances. 

In the presence of higher concentra- 
tions of some of the substances the conid- 
iospores of A. candidus had shown swell- 
ing with a complete suppression of ger- 
mination. At other times germination 


was delayed for 2-3 days. The conidio- 
spores of this species were selected for 
further study because of their apparent 
sensitivity. Preliminary spore counts had 
shown that under normal conditions A. 
candidus spores germinated in a 22—24- 
hour period. Twenty-four hours after 
inoculation, therefore, was set as an ar- 
bitrary time for making all counts on 
germinating spores. 

For the first part of the experimental 
work with spores they were exposed to 
five different concentrations of each of 
the growth substances in the basic agar 
medium. A standard spore suspension 
was prepared by centrifuging and sus- 
pending spores of 15-day cultures of A. 
candidus. The suspension was spread on 
triplicate sets of Petri plates containing 
the basic agar medium with the different 
substances in the concentration range 
10% to 10-4 M.A count of approximately 
one hundred spores was made from each 
plate to provide a minimum count of 
three hundred spores for each concentra- 
tion of each growth substance. In count- 
ing, four categories of spores were recog- 
nized: (a) spores showing no visible en- 
largement, (b) spores swollen, (c) spores 
with a germ tube, and (d) spores with a 
branching mycelium. 

The second phase of experimentation 
with spores consisted of treating the 
conidia for short periods of time in the 
presence of concentrations of the growth 
substances which would completely sup- 
press the germination were they to re- 
main indefinitely. Such concentrations 
are referred to in the text as ‘‘ completely 
inhibitory.” The spores were exposed in 
triplicate flasks containing 10-ml. quan- 
tities of the synthetic liquid medium with 
(a) concentrations of 0.0057 M for each 
of the four substances and (b) 0.00316 M 
of NAA. Duration of treatment was 
gradually reduced from 72 hours to 48, 
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24, 12, 6, and 1 hour, depending upon the 
effects on the spores of the particular sub- 
stance. At the end of a given period of 
treatment, aliquots from the triplicate 
sets were centrifuged to pack the spores, 
the supernatant removed, and the spores 
washed twice in sterile distilled water. 
The washed and packed spores were pre- 
pared as a standard suspension and were 
then streaked on triplicate plates of the 
basic agar medium. After 24 hours 
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0.0057 M and 0.00316 M, growth was in- 
hibited entirely in the former concentra- 
tion and reduced by 50% in the latter. 
Average hourly growth during the period 
between 16 and 40 hours showed an opti- 
mum at 0.001 M, essentially the same as 
the control rate. At levels lower than that 
giving maximal stimulation, growth de- 
creased slightly, while at higher concen- 
trations the effects were increasingly in- 
hibitory. Final analysis revealed that the 
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Fic. 2.—A. candidus with alpha-naphthaleneacetic acid 


counts of germination stages in the four 
categories were made for each concentra- 
tion used and for each of the experimen- 
tal time intervals. 


Results 
A. VEGETATIVE MYCELIA 
PHYCOMYCES BLAKESLEEANUS (+) 


2,4- DICHLOROPHENOXYACETIC ACID.— 
Throughout the concentration range 
0.000316-0.0018 M, 2,4-D (table 2, figs. 
3, 4) had little effect upon the growth of 
this fungus. At high concentrations, 


growth rate for the first 16 hours and 
also for the period between 28 and 4o 
hours in the medium containing 0.00057 
M 2,4-D was 6-7% greater than in the 
control. 

In preliminary tests an increase as high 
as 24% more than the control was found 
in a 0.01% concentration of 2,4-D during 
the third and fourth days. These results 
were not considered trustworthy because 
of irregularity of growth from spores. 

2,4,5- [RICHLOROPHENOXYACETIC ACID. 
—Growth rates of P. blakesleeanus on 
2,4,5-I did not exceed the growth rate of 
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the control at any time (table 2, figs. 3, 
4). Early and terminal stimulation such 
as given by 2,4-D was not apparent with 
2,4,5-T. Inhibition was complete at 
0.0057 M. At 0.00316 M no visible 
growth occurred within the first 24 hours, 
but a mycelium became established after 
this interval. Maximum growth in the 
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tory, while growth at lower levels of [AA 
was little affected during the period be- 
tween 12 and 36 hours (table 2, figs. 3, 4). 
During the period between 12 and 18 
hours, however, an 11% increase in the 
rate was found at 0.0001 M over that of 
the controls. In a preliminary experiment 
a 9% increase had been found in the first 
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Fics. 3-4.—P. blakesleeanus; fig. 3 (left), average growth, 16-40 hr.; fig. 4 (right), terminal growth, 


28-40 hr. 


presence of 2,4,5-T occurred at the 
0.00057 and 0.000316 M concentrations 
in the terminal percentages. 

In a repetition of the experiment with 
the growth substance in potato-dextrose 
agar evidence of an increase in the 
growth rate on the basic medium with 
o.oo1 M concentration was not found. 

INDOLE-3-ACETIC ACID.—The concen- 
tration 0.0018 M was completely inhibi- 


two days on 0.05% IAA in the basic syn- 
thetic medium. 
ALPHA-NAPHTHALENEACETIC ACID.— 
NAA was more inhibiting to the growth 
of P. blakesleeanus than were the three 
other substances (table 2, figs. 3, 4). No 
growth occurred at 0.00316 M, while at 
0.0018 M mycelia became established on 
only two of seven plates and were so 
limited in extent that they could not be 
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measured by the methods used. No stim- 
ulating effects were found in early growth 
rates within the concentration range 
used. Maximum growth, however, and 
increases of 8-21% over the control were 
found at 0.00018 M during the average 
and terminal periods. 

The graphs comparing the effects of 
the four substances on P. blakesleeanus 
(figs. 3, 4) show some irregularities in the 
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Figure 5 is representative of typical 
growth of P. blakesleeanus. There was 
little, if any, observable difference in the 
appearance of the vegetative mycelium 
growing on the higher concentrations of 
the growth-regulating substances. The 
periphery of the mycelia of the controls 
and in the higher concentration ranges 
was usually regular, entire, and not so 
dense as growth at the center of the es- 


TABLE 2 


EFFECTS OF FOUR GROWTH SUBSTANCES ON LINEAR GROWTH RATES OF VEGETATIVE MYCELIA OF 
P, BLAKESLEEANUS. VALUE FOR CONTROLS IN MM./HR.; ALL OTHER 
VALUES AS PERCENTAGES OF ACETONE CONTROL 





2,4-D 2,4,5-T | IAA NAA 
CONC.-MOUS , Aver Ter . Aver Te t— Aver Ter c Aver- | Ter- 
Early > Early ? Early ‘ Early Mas 
age mina age minal age minal age minal 
«| growth rowch growth 


growth*, ~~). 
jaro growth* growth 


Agar control 0.53 | 0.78 | 0.72 | 0.54 
0.70 8 


g 
growth | growth 


0.81 | 0.81 | 0.81 | 0.77 


growth | growth growth | growth 


0.77 | 0.77 | 0.81 | 0.85 
0.76 | 0.80 | 0.80 | 0.85 | 0.83 | 0.75 | 0.69 








Acetone control 0.54 | 0.78 0.5 0.77 

0.0057 ° ° fo) ° ° ° | oe * ih oe 
00316 55 50 42 ° 32 25 | : : ° ° ° 
oo18 Q2 86 93 43 51 43 ° ° @ |: 5a t t 
ool 96 100 106 89 74 71 88 93 9° | 44 | 32 26 
00057 107 | 04 106 89 87 go | g2 94 89 65 | 7° 88 
000216 102 97 101 98 92 92 96 96 | 08 81 92 103 
00018 Ei (eee ey 93 gI 85 101 101 | 98 89 108 | 121 

0.0001 ‘ III IOI | al PER eae Pree 

* Period of growth: 2 


4 
4 
1A! 


T: early ( 1-22 hr.); average (22-46 hr.); terminal (34-46 hr.). 


D: early (1-16 hr.); average (16-40 hr.); terminal (28-40 hr.). 
5 - 
. early (12-18 hr.); average (12-36 hr.); terminal (24-36 hr.) 


NAA: | early (12-24 hr.); average (24-48 hr.); terminal (36-48 hr.). 


+ Not measurable by methods used. 


IAA and 2,4-D curves. Figure 3, giving 
the average growth rates, shows the 
slightly stimulating effects of [AA and 
NAA. Figure 4 indicates the late stimu- 
lating effects of 2,4-D and NAA on 
growth rates within the range 1073 to 
10-4 M. Both figures show the critical 
concentration range of IAA, as well as 
two distinct points of complete inhibition 
of growth: one (0.0018 M) which is iden- 
tical for NAA and IAA, the other (0.0057 
M) identical for 2,4-D and 2,4,5-T. 

GROSS MORPHOLOGICAL RESPONSES. 


tablished colony. Pigmentation in the 
mycelium of all cultures on the growth- 
regulating substances was less intense 
than in the controls. The most noticeable 
difference in a treated mycelium as com- 
pared with the control mycelium was 
found in the 0.0018 M concentration of 
2,4,5-T. In this instance peripheral 
growth was dense and more compact 
than at the center. The stimulation of 
growth by 2,4-D at 0.00057 M is indi- 
cated by the overgrowth of one of the 
plates in figure 5. Sporangiophores devel- 
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oped on plates kept for several days in 
the laboratory, although their heights 
and relative numbers were limited at the 
higher concentrations. 


ASPERGILLUS CANDIDUS 
Cultures of A. candidus grew very 
slowly, so that the time intervals of 
marking the circumference varied from 
4 to 8 days. The average growth rates 
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er concentrations from the sixth through 
the twenty-seventh day closely ap- 
proached the controls. No stimulation of 
growth rate was evident during the first 
8 days for any of the concentrations used. 
During the terminal 7 days (twenty-sev- 
enth through the thirty-fourth), how- 
ever, there was an increase of 7-11% 
over the controls in the 0.00057 and 
0.000316 M levels. The significance of 





Fic. 5.—P. blakesleeanus after 40 hr. of growth on various concentrations of 2,4-D; upper row (left to 
right), acetone control, 0.00057 M, 0.0018 M; bottom row (left to right), agar control, 0.000316 M, 0.001 M; 


single plate (at right), 0.00316 M. 


were calculated on growth from the sixth 
to the twenty-third to twenty-seventh 
days. Growth rates may have been some- 
what affected by a 5-6-day period of 
high temperature in August, 1947. 

2,4- DICHLOROPHENOXYACETIC ACID.— 
Growth was totally inhibited only at the 
0.0057 M level (table 3, figs. 6, 7). Aver- 
age growth rates at 0.00316 M were only 
31% of the rate of the control and were 
69% at the next lower level, 0.0018 M. 
Average rates of growth in the three low- 


this increase is questionable, since a com- 
parable increase in the terminal rates of 
growth was not found in the preliminary 
tests. 

2,4,5- [RICHLOROPHENOXYACETIC ACID. 

-Growth was entirely inhibited at the 
two highest concentrations (table 3, figs. 
6, 7). Throughout the test period it was 
inversely proportional to the concentra- 
tion within the range 0.00316-0.00057 
M. At 0.001 M and 0.00057 M a 7-8% 
increase in the growth rate over the con- 





TABLE 3 
EFFECTS OF FOUR GROWTH SUBSTANCES ON LINEAR GROWTH RATES OF VEGETATIVE MYCELIA 
OF A. CANDIDUS. VALUES FOR CONTROLS IN MM./DAY; ALL OTHER 
VALUES AS PERCENTAGES OF ACETONE CONTROL 
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| | | | 
Agar control | 0.98 | 0.74 | 0.52 1.07 | 0.77 | 0.71 | 1.02 | 0.67 | 0.76 | 1.24 | 0.72 | 0.57 
Acetone control | 0.97 | 0.81 | 0.54 | 1.04 | 0.72 | 0.68 | 1.03 | 0.64 | 0.73 | 1.19 | 0.73 | 0.60 
| | | 
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Fics. 6-7.—A.candidus; fig. 6° (left), average growth, 2-27 days; fig. 7 (right), terminal growth, 23-38 
days. 
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trol occurred during the twenty-third to 
thirty-first days. This stimulation may 
not be significant, since such increases 
were not found in preliminary experi- 
ments. 

INDOLE-3-ACETIC ACID.—In 0.0057 mo- 
lar concentration IAA did not appear to 
be completely inhibitory to the germi- 
nation of spores, so that a 0.0075 M con- 
centration was introduced as the com- 
pletely inhibitory concentration for the 
series. In all cases except at the 0.00316 
M level, growth rates of the treated my- 
celia were within 14-15% of that of the 
controls (table 3, figs. 6, 7). The average 
inhibition at 0.00316 M was only 35%. 
The relative lack of effect of the growth 
substances in the lower concentrations 
resulted in a curve relating growth to the 
concentration which differed conspicuous- 
ly from the curve for NAA. The lethal 
concentration level of IAA which permit- 
ted no growth of the mycelium was 
reached at 0.0057 M. 

ALPHA-NAPHTHALENEACETIC ACID.— 
The most striking result found in the en- 
tire study was the response of A. candi- 
dus to NAA. Complete inhibition of 
growth and of germination of spores re- 
sulted at 0.0057 M and 0.00316 M (table 
3, figs. 6, 7), although microscopic exami- 
nation revealed a swelling of spores at the 
latter concentration. A definite stimula- 
tion in growth rate took place at 
0.000316 M and 0.00057 M, with the 
greater rate at the latter. Unlike the ef- 
fects obtained with equivalent concen- 
trations of this substance on the other 
test fungi, A. candidus showed a stimu- 
lated response throughout the test peri- 
od. There was a 12% increase of average 
growth over the control during the 6—20- 
day period at 0.00057 M, and a 22% in- 
crease in the rate during the 25-—38-day 
interval. An increase of 10% in the earlier 
growth, however, was chiefly at the 
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0.000316 M level. Comparable quantita- 
tive effects had been obtained in pre- 
liminary experiments. 

This stimulated increase in the diame- 
ter of the colonies in concentrations of 
0.000316 and 0.00057 M is strikingly 
shown in figure 8. 

Terminal growth rates in the presence 
of three of the growth-regulators, NAA, 
2,4-D, and 2,4,5-T, evidenced stimula- 
tion, with the maximum rate of each of 
the three curves (fig. 7) occurring at the 
same molar concentration, 0.00057. The 
molarity at which no growth occurred in 
the presence of 2,4-D and 2,4,5-T was 
identical, while this effect was found at 
different molarities for NAA and IAA. 

GROSS MORPHOLOGICAL RESPONSES 
(FIGS. 8-11).—Colonies of A. candidus on 
control media were characterized by a 
dense and compact central portion sur- 
rounded by one or more very compact 
areas or zonal rings of white conidial 
heads. The periphery of the mycelia 
tended to be compact and often cottony 
in appearance, with a few scattered conid- 
iophores and conidial heads. The under- 
surface of the colonies, particularly at the 
centers, was usually colored a greenish- 
black, a color characteristic of sclerotial 
development (27). 

The lower concentrations of all four 
substances seemed to induce little mor- 
phological variation from the controls. 
At the higher concentrations, however, 
three characteristics were altered: (a) the 
pigment associated with sclerotial pro- 
duction was absent; (6) the numbers, 
zoning, and distribution of conidial heads 
were different from the controls; and 
(c) the nature of the advancing edge was 
altered. 

The greatest inhibition of aerial my- 
celial growth was at the 0.00316 M level 
of 2,4-D (fig. 10). The mycelium lacked 
aerial components, and conidial heads 











Fics. 8-9.—Fig. 8 (above), A. candidus after 36 days of growth on alpha-naphthaleneacetic acid; upper row 
(left to right), agar control, 0.00057 M, 0.0018 M; lower row (left to right), acetone control, 0.00316 M, 
0.001 M; fig. 9 (below), A. candidus on indole-3-acetic acid; upper row (left to right), agar control, 0.00057 M, 
0.0018 M; lower row (left to right), acetone control, 0.00316 M, 0.001 M; single plate (right), 0.00316 M. 








Fics. 10-11.—Fig. 10 (above), A. candidus after 34 days growth on 2,4-D; upper row (left to right), agar 
control, 0.000316 M, 0.0018 M; lower row (left to right), acetone control, 0.00057 M, 0.001 M; single plate 
(right), 0.00316 M; fig. 11 (below), A. candidus on 2, 
right), agar control, 0.00057 M, 0.0018 M; lower row ( 


single plate (right), 0.00316 M. 


,5-trichlorophenoxyacetic acid; upper row (left to 
oft to right), acetone control, 0.000316 M, 0.001 M; 
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were almost completely suppressed. In 
addition, no characteristic greenish-black 
pigment of sclerotia was present. The 
colonies at the 0.0018 and 0.001 M con- 
centrations showed thinner mycelial 
growth and fewer conidial heads than the 
controls. 

The colony at 0.00316 M 2,4,5-T was 
flattened, with complete absence of the 
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Fic. 12.—S. commune, average growth, 4-8 
days. 


cottony appearance characteristic of con- 
trols. Sclerotial pigment was lacking; the 
zones of conidial heads persisted, al- 
though smaller in extent. The mycelium 
at o.oo1 M and 0.0018 M showed limita- 
tion on numbers of conidia formed, and 
a thin mycelial mat. Sclerotial pigment 
was faint (fig. 11). 

Colonies at various concentrations of 
IAA showed few morphological differ- 
ences, with the exception of the one at 
0.00316 M. In this instance the mycelial 
mat was not so thick as in the controls or 
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at the other concentrations. In addition, 
most of its surface growth was a com- 
pacted mass of conidial heads, while the 
advancing ring of the vegetative myceli- 
um was lacking (fig. 9). 

The greater growth of the mycelia of 
A.candidus at 0.00057 M ando.000316 M 
NAA is clearly shown in figure 8. Except 
for greater size these colonies were indis- 
tinguishable from the controls. The 
0.001 M colony lacked a cottony zone of 
hyphae at the periphery; its marginal 
area consisted largely of conidiophores 
and conidial heads. At the highest con- 
centration, 0.0018 M, the colonies were 
nearly level with the surface of the medi- 
um, the growth was thin, and the fruiting 
conidial heads were restricted in number. 
There was a very thin, flat zone of the 
marginal mycelium in which no fruiting 
structures were present. 


SCHIZOPHYLLUM COMMUNE 


Each of the four substances strongly 
inhibited growth of S. commune. Their ef- 
fects within the range of concentrations 
used for this fungus indicated that a 
more extended series might have given 
more complete growth curves (fig. 12). 
In order to compare the responses of S. 
commune with those of the other three 
fungi, however, it appeared desirable to 
test the 10 to 10-4 molar series used 
with the others. 

2,4- DICHLOROPHENOXYACETIC ACID.— 
The average growth rate of S. commune 
was greatly reduced by 2,4-D throughout 
the concentration range tested. At the 
three higher concentrations the inhibito- 
ry effect on growth was greater for the 
fourth to eighth days than for the first 
four days. The controls during these 
same intervals grew at a fairly constant 
rate (table 4). Early growth at the lowest 
concentration (0.000316 M) was 29% 
less, while later growth at the same con- 





wo wT 


ny Bw 


ree 


sed 


une 
out 
the 
ito- 
the 
irst 
1ese 
cant 
vest 
19% 
con- 








1949] 


centration was 60% less, than that of the 
control. 

2,4,5- 1 RICHLOROPHENOXYACETIC ACID. 
—2,4,5-T at the three lowest concentra- 
tions, 0.0018, 0.001, and 0.00057 M, did 
not depress the growth rate of S. com- 
mune so much as did equivalent concen- 
trations of 2,4-D (table 4). The growth 
rate at 0.00057 M concentration of 
2,4,5-T was 67% of that of the acetone 
control, while for the corresponding mo- 
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at this molarity was 32-38% of that of 
the control. Growth rates during the 
early and late periods were fairly com- 
parable (table 4). 
ALPHA-NAPHTHALENEACETIC ACID.— 
The highest concentrations of NAA used 
with S. commune were 0.00316 and 
0.0018 M. No growth occurred with the 
former, while with the latter concentra- 
tion growth became established on only 
one of the seven replicate plates, and its 


TABLE 4 


EFFECTS OF FOUR GROWTH SUBSTANCES ON LINEAR GROWTH RATES OF VEGETA- 
TIVE MYCELIA OF S. COMMUNE. VALUE FOR CONTROLS IN MM./DAY; ALL 


OTHER VALUES AS PERCENTAGES OF ACETONE CONTROL 

















| | 
2,4-D | 2,4,5-T IAA NAA 
CoNnc.-MOLS | 4 
| Early | Average Early Average Early Average Early Average 
| growth* | growth* growth* growth* growth* growth* growth* growth* 
| ! 
Agar control. . 4.21 4.16 4.42 3-72 4.43 4.04 5-35 5.02 
Acetone control 4.17 4.22 4.62 3.92 4.68 3.81 4.27 3.60 
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<O667.. <2 } ° ° ° ° 32 38 : ; 
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.0o18... ee 24 16 28 a Sere Veo patna ° ° 
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. 000316 71 Me Davcrccc see cadeuaes 73 88 7° 7° 
| ee eee Geer Mee! Arie! rear re Car ere 81 82 





























* Period of growth: early (2-6 days); average (4-8 days). 


lar concentration of 2,4-D it was 53%. 
The inhibitory effect of 2,4,5-T at a high- 
er concentration, 0.00316 M, was slightly 
greater than that produced by an equiva- 
lent molarity of 2,4-D. As in the case of 
2,4-D, the average growth rates from the 
fourth to eighth days were much lower 
than the rates for the second to sixth 
days. 

INDOLE-3-ACETIC ACID.—The only con- 
centration of JAA used at which no 
growth occurred was o.o1 M. With the 
other three substances a concentration of 
0.0057 M was completely inhibitory, 
while with IAA the average growth rate 


extent was so limited that it was regard- 
ed as not measurable by the methods 
used. Growth rates for the early and late 
periods on a given molar concentration of 
NAA were similar. Maximum growth in 
its presence, 82% of the acetone control, 
occurred at 0.00018 M. 

Curves for growth as affected by IAA, 
2,4,5-I', and 2,4-D are similar, showing 
an irregular decrease in growth rate with 
increased concentration (fig. 12). The 
curve for the NAA series appears to be 
more regular and demonstrates a positive 
inverse relationship between rate and 
concentration. A comparison of figure 12 








538 BOTANICAL GAZETTE 


with figures 3 and 4, 6 and 7, and 15 and 
16 shows that the final curves obtained 
for S. commune were quite different from 
those for the other three fungi. 

GROSS MORPHOLOGICAL RESPONSES.— 
Control colonies of S. commune were 
characterized by a very compact growth, 
cotton-like at the centers, with a periph- 
eral zone of submerged hyphae about 
one-fourth the size of the entire myceli- 
um. The periphery of the colonies was 
usually quite regular in outline. 

Gross morphological responses of S. 
commune to the four different substances 
were not identical. The effects of 2,4-D 
and 2,4,5-I were similar in that each 
brought about unequal growth along dif- 
ferent radii (fig. 13). In these cases the 
thinner advancing edges characteristic of 
both controls were either greatly reduced 
or absent altogether, so that the hyphae 
at the margins were often as compact as 
at the centers of the colonies. At the 
higher and more toxic concentrations the 
aerial hyphae were limited, although thin 
twining masses of aerial hyphae charac- 
teristically grew upward, often to the lid 
of the Petri dish. Colonies at 0.00316 M 
2,4-D and 2,4,5-T were flat, thin, very ir- 
regular in outline, and lacked the typical 
cotton-like appearance of the controls. 
In the case of 2,4,5-T at the same molar 
concentration the colony was moist and 
bacterial-like in appearance. 

Mycelia of S. commune in IAA and 
NAA resembled the controls in their 
growth and regularity of outline. The 
highest concentration of IAA, 0.0057 M, 
caused some irregularity and thinning of 
the mycelium. Colonies at 0.001 M were 
more dense and compact than the con- 
trols. Density and compactness of the 
mycelium in general were inversely re- 
lated to the concentration of NAA. 


NEUROSPORA TETRASPERMA 


Growth rates of N. tetrasperma in con- 
trol tubes frequently showed variation 
among different lots of media, although 
measurements for any particular series of 
controls were very regular. Since colonies 
reached the limits of some tubes by the 
fourth day, measurements were taken 
the first 3 days after inoculation in order 
to obtain accurate average growth rates. 
Growth rates of controls were found 
characteristically to increase on the third 
day and to decrease on the fourth. 

2,4- DICHLOROPHENOXYACETIC ACID.— 
Germination of the conidiospores was 
completely prevented by two of the test 
concentrations of 2,4-D: 0.0057 and 
0.00316 M. Growth at the 0.0018 M con- 
centration was 92% of that of the ace- 
tone control (table 5). Average growth 
rates in the three concentrations, 0.001, 
0.00057, and 0.000316 M, exceeded that 
of the control during the period from the 
first to the third days, with a maximum 
increase over the control of 14% at the 
0.001 M level (table 5). Growth rates at 
different levels of 2,4-D showed a gradual 
decrease with time, while growth rates 
of both controls remained essentially 
constant. The apparent early stimulation 
in rate was not obtained in preliminary 
tests with the particular concentrations 
used. It may be that temperature was a 
critical factor in producing these differ- 
ences in results, since the final tests were 
made at the time of intense heat in 
August, 1947. 

2,4,5- [RICHLOROPHENOXYACETIC ACID. 
—Growth was completely inhibited by a 
0.00316 molar concentration of 2,4,5-T. 
The growth rate at 0.0018 M was 5% of 
that of the control; at the next lower con- 
centration, 0.001 M, it was 64%; and on 
the three lowest concentrations it did not 
at any time exceed 86% of the acetone 
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Fics. 13-14.—Fig. 13. N. tetrasperma after 54 hours growth on 2,4,5-trichlorophenoxyace‘tic acid; 
to lower tube, 0.0018 M, 0.001 M, 0.00057 


(below), S. commune on 2,4-D; upper row (lef 


to right), 0.00057 M, 0.000316 M, 0.0018 M. 
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M, 0.000316 M, 0.00018 M, acetone control, agar control: fig. 14 


t to right), agar control, 0.001 M, 0.00316 M; lower row left 
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control. The rate remained comparative- 
ly constant for each concentration 
throughout the time of the experiment. 

INDOLE-3-ACETIC ACID.—The two high- 
est concentrations of IAA, 0.0057 and 
0.00316 M, suppressed all growth. As 
with 2,4-D, 4-7% more growth was 
found for the cultures on o.oo1 and 
0.00057 M concentrations than for the 
control in the first to the third days. At 
these same concentrations there was also 
an increase (11-13%) in the rate over 
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control. There was little appreciable 
change in the rates from the first to the 
fourth days (table 5). 

Figure 15, comparing graphically the 
effects of the four substances during the 
first through the third days, shows that 
IAA and 2,4-D similarly stimulate the 
growth of JN. tetrasperma. The maximal 
stimulating effect of these two sub- 
stances occurred at the same molar con- 
centration, 0.001 M, with the average 
amount of increase induced by 2,4-D ex- 


TABLE 5 
EFFECTS OF FOUR GROWTH SUBSTANCES ON LINEAR GROWTH RATES OF VEGETATIVE MYCELIA OF 


N. TETRASPERMA. VALUE FOR CO 


VALUES AS PERCENTAGES OF ACETONE CONTROL 


NTROLS IN MM./DAY; ALL OTHER 









































| 
2,4-D 2,4,5-T IAA | NAA 
| 
COoNC.-MOLS 
Average Terminal Average Terminal Average Terminal | Average Terminal 
growth* growth* growth* growth* growth* growth* | growth* growth* 
Agar control .| 48.77 54.82 79.6 74.2 48.77 54.82 79.1 81.15 
Acetone control....} 48.27 48.6 fe 69.8 48.27 48.6 76.2 80.5 
"(OR ET eRe i) |scr 5 ae) (A eres) ete ee ° o | ee eds ae 
coe ae eee ° ° ° ° ° °o (| ° ° 
0018. . aia 92 76 5.4 6.0 8.1 94 CO ) 2.0 
. OO! be me bs 114 114 64 76 107 III | i 16 
00057. . Sake III 106 75 77 104 2 Ta eee ror ae | (Rome oe 
/600316........ 107 106 81 78 98 | 102 | 68 69 
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* Period of growth: average (1-3 days); terminal (2-4 days). 


that of the control for the second to 
fourth days (table 5). Such increases 
were not found in preliminary tests. 
ALPHA-NAPHTHALENEACETIC ACID.— 
Vegetative growth did not occur the first 
2 days at the 0.00316 and 0.0018 molar 
concentrations of NAA. On the third 
day, however, a 2% growth rate in re- 
spect to that of the acetone control was 
measurable at the 0.0018 M concentra- 
tion. At 0.001 M the rate was limited to 
11% of that of the control for the first 3 
days. At the three lower_concentrations 
(0.000316, 0.00018, 0.0001 M), however, 
it ranged from 68% to 99% of that of the 


ceeding that induced by IAA by 7%. The 
growth response curves for NAA and 
2,4,5-1 differed distinctively from each 
other and from those of 2,4-D and IAA. 
Growth responses during the later period 
are shown in figure 16. A comparison of 
figures 15 and 16 shows little difference 
between the 2,4,5-T and NAA curves. 
However, the concentrations at which 
maximal growth occurred in the presence 
of IAA and 2,4-D are not identical in 
figure 16 as they are in figure 15. A 
0.00316 M concentration of each sub- 
stance completely inhibited all growth 
(fig. 16). 
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GROSS MORPHOLOGICAL RESPONSES.— 
The four substances affected N. tetra- 
sperma macroscopically in three princi- 
pal ways: (a) by altering the amount of 
pigment, (6) by suppressing perithecial 
production, and (c) by limiting surface 
growth and conidiospore production. In 
instances where the culture tubes were 
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541 
found at the lower concentrations. Since 
microscopic examinations were not 
made, it is not known whether perithecia 
primordia were formed. With two of the 
substances, 2,4-D and 2,4,5-T, the char- 
acteristic cottony growth of JN. fetra- 
sperma and conidiospore production were 
limited. The cotton-like aerial growth 
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Fics. 15-16.—N. tetrasperma. Fig. 15 (left), average growth, 1-3 days; fig. 16 (right), terminal growth, 


2-4 days. 


left in the light for a few hours after the 
termination of the experiment, the 
orange-pink pigment was greater in the 
controls than in the tubes containing the 
growth substances. Perhaps the most ob- 
vious morphological effect was the com- 
plete suppression, or limitation, of peri- 
thecial production at the two or three 
highest concentrations. Significant re- 
striction on numbers of perithecia was 


was scant in cultures with 2,4-D, while 
with 2,4,5-T at 0.0018 M the vegetative 
growth in the early stages appeared flat 
and dry, and the aerial mycelium was 
suppressed. 

Figure 13, showing N. letrasperma on 
control media and on varied concentra- 
tions of 2,4,5-T, illustrates typical re- 
sponses of the species. Growth usually 
was inversely correlated with concentra- 
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tion up to a critical level, 0.0018 M for 
2,4,5-I', at which concentration growth 
was completely suppressed. 


TABLE 6 
GERMINATION (%) OF A. CANDIDUS SPORES 
TREATED WITH DIFFERENT CONCENTRA- 
TIONS OF FOUR GROWTH-REGULATING SUB- 









































CATEGORY 
Ungerminated | Germinated 
Conc.-MOLS | 
No Swoll Germ Deane 
change |” ie tube pana de 
| celium 
2,4-D 
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0018 --| 78.4) 1:4] 15.5 4-5 
ool 75-5 | 2:6 14.8 7:2 
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B. GERMINATION OF ASPERGILLUS 
CANDIDUS CONIDIOSPORES 


There were some irregularities in ger- 
mination of conidiospores of A. candidus. 
Two variables were used in the tests for 
germination of spores: (a) different con- 
centrations for a 24-hour exposure period 
(table 6) and (0) different exposure peri- 
ods in a 0.0057 M concentration of the 
four substances and in 0.00316 M NAA 
(table 7). These concentrations were 
found to be “completely inhibitory” as 
previously defined in the section on 
methods. In both tests effects of the four 
substances were not equivalent. 

Basic agar media with and without 
acetone were used as controls in the first 
part of the experimental work with 
spores. True controls for the second part 
of these experiments with spores could 
not be established, since spores placed 
for a 24-hour period in a control nutrient 
solution would be well germinated at the 
time of washing and plating, while none 
would have germinated in the complete- 
ly inhibitory concentrations as previous- 
ly defined. 

There was a striking difference in the 
effects of the four substances when spores 
were washed and plated after they had 
been suspended for 24 hours in the basic 
nutrient solution containing inhibitory 
concentrations of the substances. Follow- 
ing such treatment 36-77% of the spores 
treated with IAA and 5~—24% of those 
treated with NAA germinated and de- 
veloped branching mycelia within a 24- 
hour period, while spores previously 
treated with 2,4-D and 2,4,5-T at the 
same molar concentration did not ger- 
minate—or only in small number—with- 
in 24 hours after plating. This same re- 
sult occurred even after reducing the du- 
ration of treatment to an hour. 

2,4- DICHLOROPHENOXYACETIC ACID.— 
Percentages of spores germinating on the 
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0.00316 and 0.0018 M concentrations of 
2,4-D were reduced to 7-28%. On the 
control media 86-90% of the spores ger- 
minated. At the lower concentrations, 
0.001, 0.00057, and 0.000316 M, more 
spores developed germ tubes and branch- 
ing mycelia. The highest percentage ger- 
mination appeared at 0.000316 M, in 
which concentration 52% of the spores 
had branching mycelia and 29% had 
germ tubes at the end of 24 hours. This 
condition differed little from the controls 
(table 6). 

Spores treated in a nutrient medium 
with a 0.0057 M concentration of 2,4-D 
showed no evidence of germination with- 
in 24 hours after washing and plating 
(table 7). This proved true even when the 
duration of 2,4-D treatment was reduced 
to 15 minutes. The 12-, 6-, and 1-hour ex- 
perimental plates were kept and re-ex- 
amined after incubation for another 12 
hours, but there was no evidence of 
change. 

2,4,5- 1 RICHLOROPHENOXYACETIC ACID. 
—2,4,5-T was apparently more effective 
in limiting germination at the 0.00316 to 
0.000316 M levels than was 2,4-D. The 
numbers of spores germinated at 0.001, 
0.00057, and 0.000316 M 2,4,5-T after 24 
hours were approximately 32%, 37%, 
and 23% less, respectively, than the per- 
centages germinated in the presence of 
2,4-D at the same molar concentrations. 
On the other hand, effects of 0.00316 
and 0.0018 M concentrations on ger- 
mination were similar for the two sub- 
stances. 

Spores treated in a 0.0057 M solution 
of 2,4,5-T for 72, 48, and 24 hours showed 
no evidence of germination or swelling 
within the 24-hour interval following 
washing and plating. When the period of 
treatment with the substance was re- 
duced to 12, 6, or 1 hours, inhibition was 
still marked. For the 1-hour treatment 


inhibition was 93%, while 6% advanced 
no further in their development than 
germ tubes in the 24-hour incubation 
period. 

ALPHA-NAPHTHALENEACETIC ACID. 
Conidiospores on agar plates with a con- 
centration range of NAA between 0.001 
and 0.00018 M germinated in higher num- 


TABLE 7 
GERMINATION (%) OF A. CANDIDUS SPORES 
AFTER TREATMENT WITH COMPLETELY IN- 














HIBITORY CONCENTRATIONS* OF THREE 
GROWTH SUBSTANCEST 
— | — - = — = 
CATEGORY (AFTER PLATING) 
DvuRATION OF |——— 7 es | 
TREATMENT | _ 
(HR.) No Germ Branch- 
Swollen ing my- 
change | tubes 
celium 
2,4,5-T (Conc. 0.0057 M) 
I 93-7 ° 5.6 0.6 
6. 907-7 ° ..3 0.5 
12. 99.2 ° ° 0.3 
24.. 100.c | oO | ° | oO 
48... 100.0 | Oo ° |} oOo 
72 100.0 | 0o | ° | «6 
° | 
NAA (Conc. 0.0057 M) 
12 69.8 6.1 21.6 a33 
24 93.0 0.41 0.8 5-7 
48 89.8 2.0 1.0 7.2 
72 94.1 0.4 0.9 4.5 
NAA (Conc. 0.00316 M) 
12 9.0 21.0 63.8 6.5 
24 9-4 8.9 37-9 43.6 
48 13.6 10.5 23.8 51.9 
92. 13.4 52.2 28.4 45.8 
IAA (Conc. 0.0057 M) 
24 | 7 14.6 51.4 26.5 
48 | 35-3 28.3 28.5 7.7 
72. 25. II.2 37-3 26.0 
| 








* As defined in the section on ‘‘Methods.”’ 
t No germination after treatment with 2,4-D. 





544 


bers than those of the controls. This is in 
agreement with the stimulating effects 
found with NAA on the vegetative 
growth rates of A. candidus. The optimal 
concentration for germination appeared 
to be 0.000316 M, at which 82% of the 
spores had developed a branching my- 
celium, another 16% had produced germ 
tubes, and 13% were swollen. 

Spores were treated with two inhibito- 
ry concentrations, 0.0057 M and 0.00316 
M, of NAA and were plated on nutrient 
agar after the treatment. There was a 
definite difference in the inhibitory -ef- 
fects. With the 0.0057 M concentration 
after a 12-hour treatment, 24% had ger- 
minated, while 76% did not germinate or 
swell (table 7). At 0.00316 M for the 
same period of treatment, 70% had ger- 
minated, 21% had swollen, while 9% 
showed no change. However, when the 
period of treatment at 0.0057 M was 
lengthened from 12 to 24, 48, and 72 
hours, 90-94% of the spores showed no 
change, and less than 1-2% were in the 
swollen or germ-tube categories. Follow- 
ing the 24-72 hours duration of treat- 
ment, germ tubes and branching mycelia 
developed from 5—24% of the spores for 
the different intervals of treatment 
(table 7). After 24, 48, and 72 hours of 
treatment with the 0.00316 M concentra- 
tion of NAA, 74-82% of the spores had 
produced germ tubes and_ branching 
mycelia. 

INDOLE-3-ACETIC ACID.—Germination 
of spores was delayed by the 0.0018 
and o.0oo1 molar concentrations of IAA. 
Unlike effects of the other substances, 
[AA induced high percentages of swelling 
and germ-tube development from the 
spores on the 0.0018-0.000316 M concen- 
trations at the end of 24 hours. The per- 
centage of spores with swelling and germ 
tubes varied from 85 to 93% in compari- 
son with 38 to 46% in the controls. The 
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least inhibition by IAA occurred follow- 
ing treatment with the 0.000316 M solu- 
tion when 51% of the spores developed 
germ tubes and branching mycelia. 
Spores which had developed a branching 
mycelium within 24 hours after plating on 
IAA concentrations were rare (table 6). 

Germination was quite irregular in the 
case of spores left in a 0.0057 molar con- 
centration for 24-, 48-, and 72-hour inter- 
vals. Seventy-eight per cent of the spores 
germinated after the 24-hour treatment. 
Of these, 51.4% were in the germ-tube 
category and 26.5% had _ produced 
branching mycelia. Fourteen per cent of 
the spores were swollen, indicating that 
they were probably viable. After the 48- 
hour treatment the percentage of ger- 
mination was 36%, with an increase in 
the swollen spores to 28%, while 35% 
showed no change. Following the 72-hour 
treatment the pattern of germination 
more nearly approximated that obtained 
after the 24-hour treatment. 


Discussion 


Several investigations (12, 13, 30) 
dealing with the responses of a number of 
filamentous fungi to growth-regulating 
substances, chiefly JAA, have shown that 
(a) high concentrations were ‘inhibi- 
tory” or toxic and that (6) low concen- 
trations failed to bring about any in- 
crease in growth or any other effects. 
NIELSEN (17), however, reported an in- 
crease in the production of dry matter 
and conidia of Aspergillus niger in the 
presence of increasing concentrations of 
the growth substance rhizopin, identified 
by THIMANN (26) as identical with in- 
dole-3-acetic acid. 

In the present study a comparison of 
responses of the four test fungi to the 
range of concentrations of the four 
growth-regulating substances shows 


points of similarity as well as differences 
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among the responses of individual spe- 
cies. The experiments on the vegetative 
growth rates show two categories of ef- 
fects: (a) stimulating, manifested by in- 
creases in the growth rates, and (0) in- 
hibiting, often resulting in total suppres- 
sion. Stimulating effects of the different 
substances on the various fungi were of 
more than one type, since there was no 
uniformity in the time during the growth 
period when stimulation occurred. 

First, an increase over controls in the 
linear growth rate occurred in the early 
hours or first days of growth of P. 
blakesleeanus (11%) and N. tetrasperma 
(4-7%) in the presence of IAA. A. candi- 
dus showed a 2—10% increase on NAA, 
while on 2,4-D N. tetrasperma and P. 
blakesleeanus increased 7-14% and 2- 
7%, respectively. The mechanism of this 
stimulation is totally unknown, and the 
extent in most cases is quite limited, al- 
though the percentage of increase in 
growth rate was much the same with the 
different fungi. In only one case was 
stimulation sustained over a long period 
of time, i.e., A. candidus in the presence 
of NAA. NIELSEN (17), in his experi- 
ments with rhizopin and A. niger, point- 
ed out that the increase in dry matter 
was dependent upon time and the con- 
centration of rhizopin. He found that the 
amount of dry matter in the presence of 
rhizopin exceeded that of controls up to 
a period of 144 hours, after which time 
dry weights of controls exceeded those of 
cultures with rhizopin. Time, therefore, 
may be a critical factor in determining 
the effects of growth-regulating sub- 
stances on metabolic activities of the 
filamentous fungi. JANKE and SARGO 
(10), using extracts of concentrated fil- 
trates from liquid cultures of A. niger and 
Rhizopus suinus (rhizopin), reported in- 
creases over controls in dry weights of 
A. niger and P. blakesleeanus in the pres- 
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ence of these extracts within 4-5 days. 
They also reported no effect of hetero- 
auxin on A. niger, but a weak response to 
heteroauxin by P. blakesleeanus provided 
with ample thiamin. 

The second type of stimulated re- 
sponse appeared only in tests with A. 
candidus growing on low concentrations 
of NAA. In this instance stimulation—a 
2-12% average increase in growth rate- 
occurred throughout a prolonged period 
from the sixth to the twentieth day and 
was thus distinguished from the early in- 
crease described above. Whether NAA 
directly increased the respiratory and 
metabolic processes, or stimulated a la- 
tent enzyme system, can be only a mat- 
ter of conjecture until more is known 
about the cellular mechanism involved in 
the action of the growth-regulating sub- 
stances. 

The third type of stimulation was 
found in the increase of terminal growth 
rates of A. candidus with 2,4-D (7-11%), 
with 2,4,5-T (7-8%), and with NAA (8- 
22%). It is possible that A. candidus 
through enzymatic activity is able to 
convert these substances to some form 
essential for mycelial growth, or more 
likely that the fungus becomes adapted 
to the presence of the substance. The 
fact that certain fungi are able to over- 
come inhibitory effects in the presence of 
toxic organic substances has been report- 
ed (20, 21). REYNOLDs (21), studying the 
effect of potassium cyanide on Fusarium 
lini, found that initial growth was retard- 
ed and later accelerated proportionately 
to increasing concentrations of cyanide. 
REESE and REESE (20), determining ef- 
fects of 1,2,5,6-dibenzanthracene on fun- 
gal hyphae, reported that “it is . . . obvi- 
ous that one and the same concentration 
of carcinogen can be both inhibitory and 
stimulatory, the action being dependent 
on the time of measurement.” The latter 
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investigators emphasized the importance 
of continuous measurement of growth 
throughout the test period. 

P. blakesleeanus showed both early and 
late stimulated responses (6-7%) in the 
presence of 2,4-D and early stimulation 
(11%) in the presence of IAA. The initial 
stimulation occurred during the first 16 
hours, while terminal stimulation took 
place during the 28—40-hour period. 

From the results of the present work, 
the stimulated responses of the different 
fungi to different growth substances ap- 
pear to follow a definite pattern. First, 
when stimulation occurred the maximum 
increase usually was found at 0.00057 M, 
with a lower degree of stimulation at a 
molarity of 0.000316. There were two ex- 
ceptions to this. NV. tetrasperma showed 
greatest increase at 0.001 M, with a lower 
percentage increase occurring at 0.00057 
M. The second exception was in the early 
growth of P. blakesleeanus on IAA, where 
maximum growth took place at 0.ooo1 
M. In all instances, however, the stimu- 
lation occurred within the range 10% to 
10-4 molar. Second, the increase in the 
growth rates caused by the growth-regu- 
lators usually fell within the definite 
range of 6-15%. The only exceptions to 
this were the 21-22% increase in the ter- 
minal growth rates of A. candidus and 
P. blakesleeanus in the presence of NAA. 
Third, the maxima of the growth-concen- 
tration curves indicated that for A. can- 
didus the four substances were equally 
effective for equal molarity. Comparable 
mole-for-mole activity has been shown 
by numerous substances in the pea test 
(11). This was true to a lesser extent for 
P. blakesleeanus. In the case of N. tetra- 
sperma, 2,4-D and IAA appeared to have 
equal mole-for-mole activity, while 2,4,5- 
T and NAA were similar in their effects 
but not identical. Fourth in importance 
in the pattern was the variable temporal 
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relationship among the substances and 
their effects on growth of the different 
fungi. 

The inhibitory effects of the sub- 
stances on the vegetative mycelia also 
appear to fall into certain general cate- 
gories. At the higher concentrations 
either the spores failed to germinate or, 
where agar blocks containing hyphae 
were used as inocula, growth was com- 
pletely suppressed. If growth once be- 
came established, however, the degree of 
inhibition was roughly proportional ‘to 
the concentration of the substance used. 
The degree of inhibition often remained 
constant throughout the course of my- 
celial growth, as in the case of N. tetra- 
sperma on 2,4,5-T and NAA. On the 
other hand, some of the fungi were in- 
hibited to a greater extent during their 
early vegetative growth and ultimately 
appeared to overcome partially the in- 
hibitory or toxic effects of the substance. 
This was true of P. blakesleeanus growing 
at 0.001 and 0.00057 M JAA and at 
0.00057 M NAA. Some of the fungi, how- 
ever, evinced a decreasing growth rate as 
they grew for a protracted period on the 
higher concentrations; this was true to a 
markedly lesser extent of the controls. A 
specific example was S. commune on 
2,4-D and 2,4,5-T, where the decrease in 
growth rate over a period of days far ex- 
ceeded the decrease of the controls for 
the same intervals. This same response 
also was found in A. candidus and P. 
blakesleeanus growing at 0.00316 M IAA. 
The mechanism of inhibition is, like that 
of stimulation, unknown. It seems signifi- 
cant, however, that the gamut from 
stimulation to complete inhibition occurs 
within a comparatively narrow concen- 
tration range for the various substances. 

S. commune was the only one of the 
test fungi on which all four of the sub- 
stances seemed to be constantly inhibito- 
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ry. This may be due simply to the use of 
too limited a concentration range in the 
experiments. The growth rate—concentra- 
tion curves of S. commune did not re- 
semble the curves obtained for the three 
other fungi. It should be pointed out, 
however, that only a single haplont my- 
celium from a single spore was used and 
that other haplont mycelia and diplont 
mycelia might behave quite differently. 

It should be noted that with the test 
fungi and the growth substances used the 
range in which inhibition was roughly 
proportional to concentration fell be- 
tween 10~? and 10-3 M, while maximum 
stimulation occurred between 10-3 and 
10-4 M. The lowest concentration which 
completely inhibited growth fell, with 
two exceptions, within the range 0.0057 
to 0.0018 molar. 

Hydrogen-ion concentration did not 
appear to be a significant factor in either 
stimulation or inhibition in these experi- 
ments. It was found that the final pH 
values for a given concentration for any 
of the growth substances used did not 
vary more than 0.2 to 0.4 of a pH unit. 
The maximum pH range for the dilution 
series of any substance was one pH unit 
for 2,4,5-T; in all other cases the total 
difference averaged about one-half unit. 
In addition, the pH value of the controls 
was usually identical with or within 0.2 
of a pH unit of that of the lowest concen- 
tration which produced stimulation. 

The gross morphological responses in- 
cluded reduction in the amount of pig- 
ment produced in the vegetative mycelia 
and suppression or reduction in fruiting 
structures, conidiospores, perithecia, and 
sclerotia. These responses, in addition to 
changes in the characteristic appearance 
of the colonies, may indicate that one, or 
more, vital system or physiological proc- 
ess was affected by the presence of the 
growth-regulating substances. It is not 


clear whether a single mechanism or sev- 
eral were involved. The effects of the sup- 
pression of perithecia formation of NV. 
tetrasperma were similar to those ob- 
tained by Denny (7) in his work on the 
oxygen requirements of NV. sitophila. He 
found that a reduction in availability of 
oxygen limited perithecial formation and 
reduced the rate of mycelial growth. Ef- 
fects produced by the growth-regulating 
substances could conceivably be due to 
an alteration of respiratory processes. 

Lack of agreement as regards stimu- 
lating effects between the first and sec- 
ond tests may have been caused by 
(a) the more narrow range of concentra- 
tions used in the first or (6) unrecognized 
changes in the test conditions. Bowser 
and NEWTON (5), studying the move- 
ment of herbicides in soils and determin- 
ing their effects on microflora of the soil, 
found a definite and regular depression in 
the number of fungi following initial 
stimulation by sodium chlorate, provided 
temperature and humidity were ade- 
quately controlled. 

The use of different concentrations of 
IAA, 2,4,5-T, and 2,4-D (range 0.00018- 
0.00316 M) demonstrated an inhibition 
of germination in spores of A. candidus. 
IAA appeared to be more effective than 
2,4-D or 2,4,5-T in blocking development 
of germ tubes and branching mycelia 
within a 24-hour period. At the same 
time, however, the high percentages of 
swollen spores in the presence of JAA 
would indicate that the spores were vi- 
able and undergoing some change, where- 
as with 2,4-D and 2,4,5-T the high per- 
centages of spores with no change would 
indicate complete loss of viability. It was 
found that 2,4,5-T suppressed germina- 
tion of spores more than did 2,4-D. 

Conidiospores of A. candidus treated 
with NAA showed an increase in germi- 
nation rate over that of controls at the 
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end of 24 hours. The percentage of un- 
germinated and swollen spores was less 
while the percentage of spores with a 
well-developed mycelium was greater 
than that of the controls. This is in agree- 
ment with the findings of increased linear 
growth rates of the vegetative mycelium 
of A. candidus in the presence of this 
growth substance. 

The experiments dealing with germi- 
nation of conidiospores after treatment 
with completely inhibitory concentra- 
tions of the different substances were per- 
formed primarily to determine whether 
inhibition of germination was due (a) toa 
surface effect which might be removed by 
washing or (0) to critical involvement of 
the internal systems and to determine 
the role of time of treatment as a critical 
factor. The responses obtained with 
2,4-D and 2,4,5-T indicate that both con- 
centration and time are critical. After a 
24-hour treatment with a 0.0057 molar 
solution followed by a 24-hour period of 
incubation, germination did not occur. 
The same effect was caused by 2,4-D fol- 
lowing treatment lasting only 30 min- 
utes. A small percentage of germination 
following treatments with 2,4,5-T for 1 
hour and for 6 hours indicated some sur- 
viving spores, but the percentage was so 
low as to be almost negligible. The differ- 
ences in germination percentages as af- 
fected by the two phenoxy compounds, 
on the one hand, and by NAA and IAA, 
on the other, may be due to differences in 
size of the molecules, the specific molecu- 
lar configurations, or the presence of the 
chlorine in the phenoxy compounds. 


Summary 


1. Four filamentous fungi, Phycomyces 
blakesleeanus (+), Aspergillus candidus, 
Schizophyllum commune (haplont), and 
Neurospora tetrasperma, were grown in 
the presence of a range of concentrations 
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of four growth-regulating substances, in- 
dole-3-acetic acid (IAA), alpha-naphtha- 
leneacetic acid (NAA), 2,4-dichlorophe- 
noxyacetic acid (2,4-D), and 2,4,5-tri- 
chlorophenoxyacetic acid (2,4,5-T). 

2. Growth responses were measured by 
determining linear growth rates of these 
fungi in the presence of the different sub- 
stances and in untreated controls. Effects 
of the substances on the different fungi 
were of two.classes, stimulating and in- 
hibiting, and were not identical for the 
four test organisms. As a general rule in- 
hibition occurred within the concentra- 
tion range 10~* to 10-3 molar; stimula- 
tion within the concentration range 107 
to 10-4 molar. 

3. The effects of these substances on 
growth were not constant throughout the 
test period. Three types of stimulation 
relative to time were observed: (a) stimu- 
lation during the early phases of growth, 
(6) prolonged stimulation over the entire 
period of growth, and (c) stimulation 
during the late growth phases. 

4. P. blakesleeanus (+) showed (a) a 
7% increase over controls in early growth 
rates and a 6% increase in late growth in 
the presence of 2,4-D, (6) an 11% in- 
crease in early growth with IAA, and 
(c) an 8% increase in average growth and 
a 21% increase in late growth in the 
presence of NAA. Effects of 2,4,5-T were 
inhibitory. 

5. Stimulated responses occurred in 
the late phases of growth with A. candi- 
dus in the presence of 2,4-D, 2,4,5-T, and 
NAA. The latter substance stimulated 
growth rates continuously from the be- 
ginning of growth and exerted a maxi- 
mum stimulation (22%) in the late 
growth phases. 

6. Effects of the four substances on the 
primary mycelium of S. commune were 
inhibitory, the degree of inhibition in- 
creasing in proportion to the concentra- 
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tions. The growth curves for this fungus 
were not similar to growth curves of the 
other three fungi. 

7. Increases in the early growth rate of 
N. tetrasperma in the presence of 2,4-D 
and IAA were obtained in final, but not 
in preliminary, tests. At higher concen- 
trations both 2,4,5-T and NAA were in- 
hibitory. 

8. The percentages of spores of A. can- 
didus germinating in 24 hours on a series 
of concentrations of IAA, 2,4-D, and 
2,4,5-T were inversely related to concen- 
tration. Germination of spores was in- 
creased in the presence of NAA in the 
0.001-0.00018 M range. 

g. Conidiospores of A. candidus were 
treated for different time intervals with 
concentrations of NAA and JAA which 
were completely inhibiting to vegetative 
growth. These substances caused de- 
creases in the percentage of germination 


in proportion to the length of treatment 
and the concentration used. Similar 
treatment with completely inhibitory 
concentrations of 2,4-D and 2,4,5-T ef- 
fected a g5~100% reduction in germina- 
tion percentage of the spores within 24 
hours after removal from the solutions as 
compared with controls. When the dura- 
tion of treatment with the latter two sub- 
stances was shortened, results were simi- 
lar. 
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ANATOMY OF THE VEGETATIVE ORGANS OF THE PINEAPPLE 
ANANAS COMOSUS (L.) MERR.—Concluded”’ 


Ill. THE ROOT AND THE CORK? 


BEATRICE H. KRAUSS 


The root 

A primary root in the pineapple plant 
is to be found only in the seedling and, 
even there, does not persist for long. This 
condition is not peculiar to this species 
but is found in other members of the fam- 
ily (94) and in monocotyledons in general 
(2, 40, 91). The structure of the primary 
root of the pineapple plant has been 
briefly described by Mites THomas and 

27 The first two sections appeared in Vol. 110, 
Nos. 2 and 3, respectively, of the BOTANICAL 
GazettE. This is the final section. 

28 Published with the approval of the Director 
as Technical Paper no. 186 of the Pineapple Re- 
search Institute of Hawaii, Honolulu, T.H. 


HoLMES (98); it is of no special interest 
in the present study of the older plant, 
where only adventitious roots are pres- 
ent. The following descriptions, there- 
fore, apply only to adventitious roots. 


INITIATION OF ROOT PRIMORDIUM 


Until the publication of MEYER’s (93) 
study of the ontogeny and anatomy of 
bromeliaceous roots—which appeared 
after the present study was near comple- 
tion and which confirms many of the 
writer’s observations—investigators had 
given little information on the origin and 
early development of adventitious roots 
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in bromeliaceous plants. In fact, not 
much exact and detailed knowledge ex- 
ists on the subject of adventitious root 
formation in monocotyledons in general. 

The earliest writer (50) who described 
the formation of roots in Bromeliaceae 
recognized their initiation in the apical 
region and their descent through the cor- 
tex before their emergence from the stem 
into the soil but did not identify the 
point of origin. No further mention of 
bromeliaceous root origin was made in 
the literature until 25 years later, when 
FALKENBERG (40) wrote of adventitious 
roots irregularly dispersed throughout 
the stem, without apparent arrangement, 
and inserted at the limit between the 
peripheral layer (the cortex) and the cen- 
tral portion (the stele) of the stem. 

JORGENSEN’s (69) descriptions of sev- 
eral Bromeliaceae were ambiguous and 
his illustrations no more enlightening; 
presumably he believed that in the seed- 
ling stem the adventitious roots are 
formed within the central cylinder, while 
in the more mature stem they arise out- 
side the central cylinder. In this connec- 
tion HAywarp (60) and HoFFMAN (63) 
described the first adventitious roots in 
the seedling of another monocotyledon, 
Allium cepa, as arising in the “‘meriste- 
matic region of the inner cortex,’’ and the 
later-formed roots as originating in the 
“pericycle,” i.e., within the stele. The 
present writer has found no difference in 
the type of adventitious root formation 
in the seedling and in the more mature 
plant in the pineapple. JORGENSEN also 
reported that the height in the stem at 
which roots originate varies with the 
species studied. 

Mez (94) described a great many 
Bromeliaceae but merely stated that the 
roots are uniformly distributed all over 
the stem; although he wrote that they 
are borne at the base of the leaves at each 
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node, he evidently meant that they 
emerge at these points. 

Borescu (16) was the first investiga- 
tor to recognize that the adventitious 
roots are formed in the meristematic tis- 
sue at the boundary between cortex and 
stele as a last function of this tissue. 
SOLEREDER and MEYER (141), in their 
comprehensive anatomical paper on 
Bromeliaceae, merely stated that these 
roots—which they called “‘cortical’’ roots 
because they follow a course through the 
cortex parallel to the long axis of the 
stem—originate at the surface of the 
central cylinder at different levels. 

Although MEYER (93) presented the 
first detailed description of the growing 
point and a more accurate description of 
the anatomy of the mature bromeliaceous 
root than other authors, she said very 
little about the actual place of origin of 
these roots within the stem. She evi- 
dently considered the adventitious roots 
analogous to lateral roots, since she de- 
scribed the bromeliaceous stem as a 
“root-like” structure and the origin of 
the roots as entirely endogenous, within 
a “pericycle.” 

The brief descriptions presented by 
the foregoing authors are either vague or 
actually erroneous in their interpretation 
as to both the place and the mode of 
origin of these roots, as will be shown 
later. Those writers reporting specifically 
on the pineapple plant have not added 
much to our knowledge. BERGMAN and 
WELLER (13) described the adventitious 
roots as originating anywhere in the 
“pericycle,” the place of origin not being 
restricted to the nodes as in many mono- 
cotyledons. Mites THomas and HOLMES 
(98) wrote of the exit of roots from a 
cylinder of meristematic tissue within an 
endodermis, which is correct as far as the 
statement goes. 

The present investigation shows that 
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the adventitious roots in the pineapple 
stem originate partly in the dictyogenous 
layer which lies at the boundary between 
the cortex and stele and partly in the in- 
nermost layers of the cortex. MANGIN 
(91) seems to be the only author who had 
previously designated a dual origin for 
adventitious roots in monocotyledons. 
HAYWARD (60) and HorrMan (63) have 
written that in Allium cepa the later- 
formed roots originate in the pericycle 
but perhaps imply a dual origin in stating 
that the cortical parenchyma of the ad- 
ventitious root is continuous with that of 
the cortex of the stem. TrécuL (151) il- 
lustrated such a continuity of the cortex 
of the two organs in Iris germanica. 

A brief review of the structure of the 
apical meristem in the pineapple stem 
will facilitate the placement of the zone 
of origin of the adventitious roots. At the 
tip of the stem lies a small zone of rapidly 
dividing cells in undifferentiated tissue; 
this passes over, basiscopically, at about 
the level of the last-formed leaf primor- 
dium, into the zone where the initial pro- 
cambial strands are formed. The differen- 
tiation of these procambial strands is ac- 
companied by a centrifugal maturation 
of the ground parenchyma so that, as this 
process progresses, a zone of meristematic 
tissue remains behind in the form of a 
sheath, or cylinder, which divides the 
axis into a stelar and a cortical region. 
Additional procambial strands, with a 
certain amount of ground parenchyma, 
are formed within this meristematic ring 
toward the inside. The activity within 
this meristem—which is merely a con- 
tinuation of the apical meristem—and 
the increase in size of cells are respon- 
sible for the increase in stem diameter. 
At the level at which the stem reaches its 
approximate maximum cell formation 
the activity within this meristematic 
sheath becomes responsible for the for- 
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mation of (a) the procambial strands 
which form the vascular network at the 
boundary between stele and cortex and 
(b) part of the root. It is this portion of 
the apical meristem in other mono- 
cotyledons which was called the dic- 
tyogenous layer by MANGIN (91). 

The zone in which the adventitious 
roots arise is, therefore, comparatively 
close to the stem apex, root primordia 
being formed within a centimeter of the 
tip, and is restricted to a short vertical 
distance. Thus the roots form in a limited 
region in the comparatively young apical 
portion of the stem and do not arise in a 
pericycle in older portions of the stem as 
is reported to be the case in most plants. 
A pericycle cannot be distinguished in 
the region in which roots are formed. 
Since this region is meristematic, it 
seems entirely unnecessary to presuppose 
the existence here of a pericycle—a per- 
manent tissue which is only potentially 
meristematic. The writer is considering a 
plant growing under the “normal”’ con- 
ditions outlined in the ‘“Introduction.”’ 
Whether, under the influence of certain 
stimuli, adventitious roots will arise in 
older portions of the stem is beyond the 
scope of this paper. A pericycle in older 
portions of the stem has not been found. 

The first visible evidence of the initia- 
tion of a root primordium is the appear- 
ance of an area, approximately circular 
in outline in a tangential stem section, of 
dense meristematic tissue just external to 
the procambial strands at the periphery 
of the stele. It is probable that not a 
single cell but a fairly large group of cells 
is involved in the initiation of the root. 
That these initiating cells are located 
both in the peripheral layers of the stele, 
i.e., in the dictyogenous layer, and in the 
innermost layers of the cortex will be 
demonstrated in the description of the 
root at a later stage of development. 
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Division of the cells within this meri- 
stematic tissue proceeds rapidly to form 
a domelike mass (fig. 181); a definite 
apical growing region is soon formed, and 
differentiation of tissue within the meri- 
stem takes place. 


DEVELOPMENT AND STRUCTURE OF 
ROOT WITHIN STEM 


The first marked gross indication of 
differentiation within the domelike mass 
of meristematic tissue which constitutes 
the root primordium is the formation of a 
narrow zone of cells in the shape of a hol- 
low dome a short distance back from the 
apex of the primordium; these stain more 
deeply than the remainder of the cells. 
This is the zone of initials. With elonga- 
tion and further development of the pri- 
mordium described above, the organiza- 
tion of the root tip becomes more easily 
recognizable. 

TREUB (152), who examined the root 
tips of various Bromeliaceae, including 
A. comosus, considered members of this 


family to show his third type of meri-’ 


stematic differentiation: two “primary 
tissues”—the “plerome initials” and, 
over this, the initials from which the 
periblem, dermatogen, and root cap are 
formed. He differed from JANCZEWISKI 
(67a), who had previously placed the 
roots of Bromeliaceae in his own second 
type: a sharply defined plerome cylinder 
and the calyptrogen layer (the histogen 
for the root cap), and, between the two, 
an initial group only one cell layer thick 
which splits immediately behind the 
apex into periblem and dermatogen. 
JORGENSEN (69) disagreed with 
TREUB; he thought that the root cap as 
well as the periblem and plerome develop 
from the same meristematic layer in the 
roots of Bromeliaceae. MEz (94), who 
studied a great many representative indi- 
vidual members of this family, believed 
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their root tips to resemble the “general 
monocotyledonous type”: the dermato- 
gen and periblem are not clearly differen- 
tiated and the root cap is regenerated by 
means of a typical calyptrogen. Authors 
(13, 65, 126, 141) who described the 
roots of the pineapple specifically, or this 
species among other Bromeliaceae, did 
not consider the root-tip region at all. 

MEYER (93) has made the most de- 
tailed and seemingly accurate contribu- 
tion on the nature of the apical growing 
region of the bromeliaceous root in a 
study of the roots of several species of 
Aechmea, Billbergia, Cryptanthus, and 
Tillandsia. She found a central cell at the 
growing point which is itself, or through 
two lateral derivatives, the original ini- 
tial cell of the entire outer layer of the 
root: through anticlinal divisions it, or its 
derivatives, initiates the endodermis, the 
inner and outer cortex, the exodermis,”® 
and the dermatogen; through periclinal 
divisions, the central portion of the root 
cap; and, first through anticlinal and 
then periclinal divisions, the remainder 
of the root cap. This initial cell is thus 
responsible for the “periblem”’ which de- 
velops the cortex, the “dermatogen’”’ 
which forms the epidermis, and the 
“calyptrogen” which develops the root 
cap, to use the usual histogenetic ter- 
minology. Adjacent to and “inside” 
(proximal to) the initial cell which forms 
the outer layers of the root are three cells 
which are the initials of the ‘“‘plerome.”’ 
They or their derivatives are responsible 
for the central portion of the root, the 
stele: the pith, through periclinal divi- 
sions; the vascular tissue; and the peri- 
cycle, first through periclinal and then 
anticlinal divisions. 

In the following description of the 
apical meristem of the root within the 


79 MEYER was describing a root tip external to 
the stem. 











Fics. 181-184.—Adventitious root in stem. Fig. 181, arrow points to early stage of root primordium (in 
longitudinal view), just exterior to meristematic zone lying between cortical and stelar regions. Transverse 
section of 13-months-old seedling stem, cut 1 mm. back of tip. Fig. 182, transverse section of stem showing 
near-radial section of root in early stage of differentiation. c, cortical, and s, stelar regions of root; sc, cortical, 
and ss, stelar regions of stem; mc, meristematic zone between cortical and stelar regions of root; vm, elements 
of vascular network lying at boundary between cortex and stele of stem. Figs. 183-184, longitudinal sections 
of stem of older plant and of seedling, respectively, to show later stage of differentiation in root tip. rh, 
region of histogens in root tip; rc, root cap; sc, stem cortex; 7, raphides cells in stem cortex; p, periderm layers 
of stem. Note collapse and partial digestion of cells and walls of stem cortex around advancing root tips. 
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Fics. 185-186.—Fig. 185, radia] or near-radial section of soil root tip to show histogenic region, with 
initial cell or cells not distinct. Fig. 186, portion of fig. 185 enlarged. mc, meristematic zone between cortical 
(c), and stelar (s) regions; rh, histogenic region; rc, recently formed root cap cells; orc, older root cap cells with 
attached soil particles, sloughing away. Fig. 185, X80; fig. 186, X 230. 
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stem, illustrations of root tips external to 
the stem will be referred to, since better 
photographs were obtained of these latter 
tips. The difference between portions of a 
root within the stem and that external to 
the stem is the addition, in the latter 
case, of a well-developed exodermis and 
of raphides-bearing cells in the outer 
cortex. 

HistToGENS.—Examination of radial— 
median or near median longitudinal— 
sections of the distal portion of pineapple 
roots shows that within the apical meri- 
stem at a point behind the apex there oc- 
curs a zone, narrow radially and vertical- 
ly in relation to the axis of the root, of 
cells which represent the initials for the 
various histogenetic regions. HANSTEIN’s 
(57a) terminology of histogens used for 
roots of most plants will be used in this 
description, since there is a definite de- 
marcation of histogens in the growing 
point of the pineapple root even if there 
is not in the growing point of the stem. 

Examination of many pineapple roots 
shows that an initial cell or cells respon- 
sible for the histogens and the histogens 
themselves are not so distinct as in the 
roots of many other plants (figs. 185, 
186, 188), or as illustrated by MEYER for 
other Bromeliaceae; but occasionally a 
pineapple root tip will show the structure 
described by MeryEr. In a view which 
was probably more truly radial than any 
other obtained in cutting many sections, 
the following organization was seen in a 
root from a plant grown in a culture 
solution (fig. 187). A cell which appears 
to be the central initial cell has divided at 
right angles to the root axis (fig. 187B, 7 
and 2). Laterally adjacent to it are three 
cells, two on the right side (3 and 4), one 
on the left (5).3° These lateral cells are 
cut off directly from the central initial 
cell or a derivative by divisions parallel 
to the root axis. The derivatives of the 
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distal of the two daughter cells (2) of the 
central initial cell, with the derivatives of 
the cells laterally adjacent to it (3, 4 and 
5), formed through continued divisions 
at right angles to the root axis, are re- 
sponsible for the central portion of the 
root cap (region bounded by lines con- 
necting 4, a, b, and 6 in fig. 187B, and a, 
b, c, and d in fig. 187A). One or more of 
the daughter cells (e.g., 6) of the lateral 
cells (e.g., 5) becomes an initial or initials 
for the rest of the root cap (region 
bounded by lines connecting 6, b, x, and 6 
in fig. 187B, and c, x, d, and ¢ in fig. 
187A, considering the left side of the sec- 
tion only, in fig. 187B, for example). 

From this point, development as seen 
only on the left side of the illustrated sec- 
tion of the root apex (fig. 187B) will be 
described. Besides serving as an initial 
for the central portion of the root cap the 
lateral cell (5) becomes, by way of some 
of its daughter cells and their deriva- 
tives, the initial for the periblem and 
dermatogen. Through rapid division of 
the cells of the periblem, whereby this 
originally single row “splits” into many 
(e.g., to the left of 5), the cells of these 
rows and the dermatogen become dis- 
placed in a direction toward the root 
axis, so that there is a bulging-out of the 
dermatogen and of the tissue initiated by 
the periblem (figs. 187A, 188). Initials 
for the various cortical layers—the endo- 
dermis, the inner and outer cortex, and 
the exodermis—are later cut off within 
the periblem-initiated zone. 

Adjacent to and “inside” (proximal 
to) the initial cells which form the outer 
layers of the root is a central block of 


3° It should be remembered that in this descrip- 
tion only two planes are being considered. Actually, 
of course, cells lying in a third plane as well are 
involved, so that instead of two or three there are 
four or more lateral cells. To simplify the descrip- 
tion, however, only two dimensions will be men- 
tioned. 
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Fic. 187.—Apical growing region of root. A, radial or near-radial section of portion of tip of root grown 
in complete nutrient solution to show growing region and differentiation of tissues. B, portion of A enlarged 
to show initial cells, histogens, and some differentiation of tissues. See text, pages 556 and 562, for descrip- 
tions of histogens. Heavy line indicates boundary between central and outer layers of root. Some other cells 


retouched. Note early formation of vessel cells (row of retouched cells, one of which is marked v). A, X 100; 
B, X550. 
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cells (a central initial cell can hardly be 
selected) which serve as initials for the 
plerome (7 in fig. 187B is one of a block 
of four cells). They or their derivatives 
eventually form the central portion of 
the central cylinder, the procambial 
sheath, and, finally, the pericycle. 

In a transverse section of the root, cut 
at or near the level where the above de- 
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can be distinguished (rc in figs. 195-197). 
These cells contain raphides similar to 
those described in the stem and leaf. In 
the root tip within the stem the meri- 
stematic exodermis and raphides cells are 
not seen (fig. 183). 

Differentiation within the central and 
peripheral regions is gradual. At about 
o.2 mm. behind the zone of initials a 


Fics. 188-189.—Apical growing region of root. Fig. 188, near-radial section of root grown in complete 
nutrient solution to show row of raphides cells formed in outer cortex near tip. Raphides retouched slightly. 


Fig. 189, X 225, shows detail of fig. 188, X96. 


scribed initials occur, this zone appears 
as a denser central area (figs. 192, 193). 
In cross sections cut proximal to this, one 
observes the first marked differentiation 
into a cortical and stelar region (fig. 194). 
In sections cut even farther back from 
the apex, in the case of the root external 
to the stem, the meristematic exodermis 
(fig. 195) and isolated cells which are 
larger than the surrounding cortical cells 


transverse section of the root shows a 
definite demarcation between cortical 
and stelar regions, with a zone of meri- 
stematic cells, which stain more deeply, 
at the periphery of the stelar and in the 
inner portion of the cortical regions (fig. 
195); this may also be seen in longitudi- 
nal sections (figs. 185, 187A, 188). In 
this meristematic zone are differentiated 
the pericycle, endodermis, and some of 
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FIGS. 190-194.—Transverse sections of roots grown in complete nutrient solution, cut at different levels 
back from tip to show differentiation of tissues. Sections shown in figs. 190-191 cut at 45 and 105 » back from 
tip of root cap, respectively, to show older (fig. 190) and younger (fig. 191, center section) root cap cells. Figs. 
192-193 show sections cut 150 and 195 y, respectively, back from tip of root cap, in region just acroscopic 
(fig. 192) and just basiscopic (fig. 193) to zone of initials. Fig. 194, section cut 240 » back from tip of root 
cap, in region of differentiating cortex and stele. X 125. 
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the procambial tissue, and it is respon- 
sible for some of the increase in diameter 
of the root. 

Very close behind the growing point of 
the root one can distinguish, within the 
stelar region, large isolated cells with 
large nuclei, arranged approximately 
equi-spaced and fairly widely spaced in 
a circle in a single layer (figs. 187, 197). 
These cells (v in fig. 197) are circular or 
nearly so in cross section, and their 
diameter is eight or more times greater 
than that of the surrounding cells. In 
longitudinal view (fig. 187, v) these cells 
form rectangles, with the longer dimen- 
sion in the direction of the root axis. 
These cells represent very early stages of 
vessels. 

The cells of the innermost six to eight 
rows of the cortical region are, in con- 
trast to adjacent cells, noticeably narrow 
in a radial direction and elongated tan- 
gentially in a transverse section (figs. 
195-197, ic), while in a longitudinal sec- 
tion their vertical height is less than the 
horizontal width. These tangentially 
elongated cells, arranged in definite ra- 
dial rows (fig. 196, zc), will form the inner 
cortex. MEYER (93) recognized that two 
types of cells were formed in the portion 
of the stem to become the inner cortex. 
She found that these innermost cortical 
cells are a result of the innermost periblem 
layer dividing repeatedly in a tangential 
plane. 

The remainder of the cortical cells seen 
in a transverse section of the root are cir- 
cular in cross section (fig. 196, oc); in 
longitudinal section they form rectangu- 
lar figures, with the greater dimension in 
the direction of the root axis. These cells 
will constitute the outer cortex. The 
exodermis is distinguishable as a dark- 
staining meristematic zone (fig. 195, m); 
it is not present in the root within the 
stem. 
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First signs of differentiation within the 
tissue which is to be vascular at the 
periphery of the central region are seen at 
a comparatively great distance from the 
tip. First, single radial rows of cells, 
somewhat larger and which become more 
deeply stained than their neighbors, be- 
come differentiated (figs. 197, #, 198). 
These procambial cells will form the 
tracheids and together with the vessels— 
a single one of which lies at the inner 
limit of each (or each two adjacent) 
radial row of these procambial cells— 
constitute the xylem. Cores of other pro- 
cambial tissue, oval in cross section, al- 
ternate with the radial rows of prexylem 
tissue; this tissue becomes phloem (fig. 
197, ph). The alternating cores of tra- 
cheids and phloem are arranged approxi- 
mately equidistant and fairly close to one 
another in a circle at the periphery of the 
stelar region between the circle of large 
cells—vessels at an early stage of devel- 
opment—and the boundary between 
stele and cortex (figs. 197, 198). The pro- 
cambial tissue which will become xylem 
completes development, except for the 
vessels, sooner than the phloem. 

Radial sections of portions of the root 
just described sometimes show several 
features of the tissues to better advan- 
tage. The raphides-bearing cells, found 
only in the root external to the stem, 
occur in single longitudinal rows in the 
cortical region (figs. 188, 189). In the 
further development of the root the end 
walls of these cells break down, the 
raphides become scattered, and air canals 
are thus formed. 

With further development, back from 
the root tip, the transverse walls of the 
cells with large diameters located in the 
stelar region break down, and these cells 
now form long vertical channels. It is 
only by following these “channels” back 
to mature regions of the root that one 
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FIGS. 195-197.—Transverse sections of root grown in complete nutrient solution, cut at different levels 
back from tip to show further differentiation of tissues within cortical and stelar regions. Sections cut 300, 
360, and 510 u, respectively, back from tip of root cap. e, epidermal cells; m, meristematic exodermis; oc, 
outer cortex with raphides cells, rc; ic, regular radial rows of inner cortical cells; s, stelar region; ph and ¢, 
phloem and tracheid tissues, respectively, at very early stage of development; v, young vessel cell; and sm, 
meristematic pericycle and endodermis. 
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can identify them as vessels. At this stage 
their vertical walls are still thin, and 
there is no indication here of their status 
at maturity. Some comment should be 
made on this unusual ontogeny. The 
cells which become vessels—which are 
ordinarily the last-formed elements in 
xylem which in turn is the last-formed 
portion of the vascular tissue in roots— 
are in the pineapple root differentiated 
within four or six cell rows of the root 
initials themselves. It might well be that 
this type of early vessel development oc- 
curs in other roots. 

MATURE STELAR REGION.—When de- 
velopment is complete, the structure of 
the mature portions of the root is as fol- 
lows. The stelar region consists of: the 
vascular tissue, alternating groups of 
xylem and phloem, radially arranged; the 
pith which occupies the central portion of 
the root, interiorly to the vascular tissue; 
and the pericycle at the periphery. The 
vascular tissue and pericycle form con- 
centric cylinders. 

The polyarch xylem tissue, as seen in 
transverse sections, consists of numerous 
radial plates usually known as “arcs”’ or 
“rays.’’ The number of these arcs are re- 
ported (94, 141) to range from 6 to 48 in 
Bromeliaceae. Hotm (65) reported A. 
comosus roots of the first order to have 15 
xylem groups; BERGMAN and WELLER 
(13), 32-36; MEYER (93), 19-20. Counts 
made by the present writer showed a 
range of 20-30 xylem groups, depending 
on the diameter of the root. 

Each arc or ray is comprised of a single 
radial row, two to eight cells, of tracheids 
and a vessel; the first-formed tracheids, 
with their smaller diameters, are situated 
at the outer end of the row, next to the 
pericylic region. The xylem tissue ma- 
tures progressively toward the center of 
the stele (exarch type) with a large vessel 
usually terminating the row. This vessel 
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may adjoin the last tracheid in the row 
or be separated from it by one or more 
parenchyma cells (figs. 200-202). Some- 
times it is somewhat displaced toward 
the phloem strand. 

The vessels are of the type found in the 
stem and leaves—with greatly thickened 
scalariform- and reticulate-pitted lateral 
walls and transverse end walls with 
simple perforations. Occasional oblique 
end walls with scalariform perforations 
were observed. WATERSON (158) was 
probably referring to this type of perfora- 
tion plate when he reported the occur- 
rence of obliquely placed “septa” with 
barlike thickenings of lignin in: the five 
bromeliaceous species he studied. He 
found that the original cellulose sep- 
tum membrane may persist or become 
ruptured. WATERSON thought these 
“strengthening bars’’ to be of special 
value in Bromeliaceae, since they offer 
resistance against the crushing of the ves- 
sels which are usually imbedded in the 
mass of sclerenchyma cells of the pith. 
CHEADLE (22a) reported scalariform 
plates in root vessels in four of the eight 
bromeliaceous species he examined, and 
Hotm (65) “scalariform” vessels in A. 
comosus. 

The tracheids are of the scalariform 
type found in the leaves and stem. 

Alternating with the xylem arcs are 
strands of phloem tissue, oval-shaped in 
transverse section (fig. 202); the phloem 
consists chiefly of sieve tubes with a 
small number of companion cells. The 
cores of phloem tissue are usually sepa- 
rated from the adjacent rows of xylem 
cells and the pericycle by a single row of 
parenchyma cells (figs. 200, 202). 

The center of the stele is occupied by a 
pith characterized by cells with greatly 
thickened walls which are profusely 
pitted (fig. 201). These cells are scleren- 
chyma, polygonal in cross section (five- 
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Fics. 198-200.—Transverse sections of roots grown in complete nutrient solutions to show later develop 
ment (fig. 198) and mature root structure (figs. 199-200). e, epidermis; r/, root hair; exodermis cells, in early 
stage of development (m), and mature (ex); rc, raphides cells in outer cortex, oc, with transverse walls col- 
lapsed and raphides scattered; ic, inner cortex with many cells collapsed, leaving isolated cell chains and 
large lacunae in mature root (figs. 199, 200); en, endodermis; pc, pericycle; ph, phloem; x, tracheids in xylem 
tissue; and 2, vessel. 
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FIGS. 201-202.—Transverse sections of fully developed root in stem (fig. 201) and mature root external to 
stem (fig. 202). sc, stem cortex; csc, crushed cortical cells of stem lying against epidermis (e) of root; rh, root 
hairs; ex, exodermis; oc, outer cortex with raphides cells (rc) whose transverse walls are collapsed to form air 
passages; oic, outer portion of innér cortex (ic); iic, innermost portion of inner cortex with cells arranged 
in regular radial rows; /, large lacunae formed by collapse of many cells of inner cortex; en, endodermis; pc, 
pericycle; ph, phloem; t, tracheids; v, vessel; p, pith. 





D0t 
air 
sed 
pc, 








KRAUSS— PINEAPPLE ANATOMY 


to six-sided), and greatly elongated in the 
direction of the root axis. The ends are 
usually tapering, although truncated end 
walls do occur, especially at the proximal 
end of the root, where these cells are also 
considerably shorter (figs. 205, 206). The 
sclerenchyma cells of the pith usually 
have a greater cross-sectional diameter 
and are shorter than the fibers which 
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chanical function during the pushing of 
the root through the more or less re- 
sistant cortical tissue of the stem. 

At the periphery of the stele lies the 
pericycle. This consists of a single row of 
cells (figs. 200, 202) connected with one 
another without intercellular spaces; 
there may be an occasional doubling of 
the cell row at irregular intervals. Hotm 
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Fics. 203—204.—Longitudina] sections of roots in stem, younger (fig. 203) and more developed (fig. 204). 
Fig. 203 shows base, i.e., proximal portion, of root. vz, vascular network at boundary between stem cortex 
(sc) and stele (ss); sub, vascular bundle in stelar region of stem; oc, outer and ic, inner cortex of root; v, vascu- 


lar cylinder, and /p, pith of root. 


form the fibrous sheaths of the vascular 
bundles in the stem and leaves. Pith cells 
often extend to between two adjacent 
vessels toward the phloem group (fig. 
202). The walls of the pith cells become 
suberized when mature; this may happen 
while the roots are still only a few centi- 
meters long and are still within the stem. 
There seems little doubt that the early 
development of a sclerenchymatous pith 
in the root within the stem serves a me- 


(65) reported a pericycle consisting of a 
double row of cells in the root of A. 
comosus, but the other authors who have 
described the pericycle in the pineapple 
root (13, 93) wrote of a single layer only. 
SOLEREDER and MEYER (141) found that 
the pericycle in the many bromeliaceous 
species they studied varied from one to 
two rows of cells. In cross section the 
cells of the root pericycle appear elon- 
gated in a tangential and very narrow in 
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a radial direction (figs. 200, 202); in 
longitudinal sections, in the direction of 
the root axis. The walls of the pericyclic 
cells remain thin and are of cellulose. 
MATURE CORTICAL REGION.—The cor- 
tex is divided into two main zones, in- 


FIGS. 205-206. 
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istic horseshoe or U-shaped thickening 
also often found in endodermal cells of 
other plants (figs. 199-202). A secondary 
lignin lamella is early formed, followed 
soon after by a tertiary lamella of suber- 
in. Meyer (93) described an especially 
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Longitudinal sections of stem to show basal portions of mature root (cut tangentially), 


exterior to vascular network (vm) at boundary between cortex and stele of stem. svb, vascular bundle in stelar 
region of stem; oc, outer, and ic, inner cortex of root; en, root endodermis; ens, endodermal-like sheath of 
stem; e, epidermis, and /, pith of root; rv, root vessel; rv¢, root vascular tissue. Fig. 205, X 50; fig. 206, X 100. 


closed by a single row of epidermal cells 
at the periphery and bounded internally 
by the endodermis. 

The endodermis consists of a single 
circle of cells. In cross section the endo- 
dermal cells form rectangles, with corners 
slightly rounded, the greater dimension 
the tangential one; in longitudinal sec- 
tion they are elongated, with the end 
walls either oblique or transverse. The 
inner tangential and radial walls become 
greatly thickened, forming the character- 


thick development of this tertiary lamel- 
la in A. comosus. 

The inner cortex is divided into two 
portions of about equal radial width. The 
portion of the inner cortex adjacent to 
the endodermis consists of rather regular 
radial rows of cells which are octagonal in 
cross section, with the tangential pair of 
walls longer than the radial (fig. 201). 
Because of the cross-sectional shape of 
the cells and their regular arrangement, 
the intercellular spaces seem to form 
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small air passages which are lozenge- 
shaped in cross section (fig. 201). The 
walls are thin and are usually of cellulose. 

The outer portion of the inner cortex 
consists of cells which are almost circular 
in cross section (fig. 199) and elongated 
in the direction of the root axis. Their 
radial dimensions are usually greater 
than those of the cells in the innermost 
portion, although both types are approxi- 
mately of equal length. They usually 
have intercellular spaces. The walls of the 
cells in this outer portion of the inner 
cortex become more thickened than those 
of the inner portion and are usually ligni- 
fied. 

The outer cortex, adjacent to and just 
within the epidermis, consists of a zone 
of sclerenchyma which JORGENSEN (69) 
first described in several Bromeliaceae, 
and which Mez (94) found characteristic 
for all bromeliaceous roots. This tissue 
consists of cells polygonal in cross sec- 
tion, with greatly thickened walls which 
are profusely pitted (figs. 199-202; pits 
not shown); the pits are oriented ob- 
liquely. These cells very much resemble 
the cells which form the pith of the root 
but are longer and usually have trun- 
cated end walls. In the older portions of 
the root the cell walls are usually colored 
a reddish-brown. MEYER (93) found that 
the middle lamella of these cell walls be- 
comes lignified, with a secondary lamella 
of suberin and a tertiary one of lignin. 

The epidermis consists of a single 
layer of cells, smaller in diameter than 
the surrounding cells of the stem cortex 
(fig. 201). The epidermal cells are iso- 
diametric in cross section (fig. 201) and 
are elongated when seen in longitudinal 
sections, their length being about three 
times that of their cross-sectional diame- 
ter. The end walls are transverse. The 
walls remain rather thin; MEYER (93) re- 
ported them as having a middle lamella 


of cellulose and a secondary lamella of 
lignin. 

JORGENSEN (69) wrote that the epi- 
dermal cells adjacent to vascular bundles 
in the stem are flat and thick-walled, but 
next to the ground parenchyma cells of 
the stem they are very thin-walled and 
“‘protuberant.”’ These protuberances de- 
velop to such an extent that they form 
“root hairs’? which have the appearance 
of haustoria. He thought that these ‘‘in- 
ternal root hairs’ represent a type of 
“parasitism,” serving as absorbing or- 
gans until such time as the root passes 
out of the stem into the soil. SOLEREDER 
and MEYER (141) wrote of papilla-like 
multicellular root hairs, formed through 
transverse divisions, as occurring on 
roots within bromeliaceous stems. MEYER 
(93) could find no evidence of such in- 
ternal root hairs in any of the many 
bromeliaceous roots she examined, and 
in the present writer’s observations there 
is no indication of such structures in the 
case of the internal pineapple root. Both 
morphologically and physiologically there 
seems no basis for considering such pro- 
tuberances to be of this nature and pos- 
sessing this function. Some of the epi- 
dermal cells of the pineapple root within 
the stem often have a greater radial than 
tangential diameter; since adjacent epi- 
dermal cell may not always have so 
great a radial diameter, the former cells 
have somewhat the appearance of very 
short papillae, it is true, but these can 
hardly be interpreted as root hairs. In 
those bromeliaceous species, other than 
the pineapple, which JORGENSEN studied 
this condition may be more marked and 
account for his descriptions and illus- 
trations. 

Root BASE.—At the proximal end or 
base of the root, where it is “attached” 
against the stelar cylinder of the stem, 
the root tissues spread out over a consid- 
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erable area, just external to the vascular 
network which separates the stem cortex 
and stele (figs. 203, 205, 206). Although 
the pith of the root spreads out over a 
considerable area, its proximal limits are 
sharply defined at a zone just outside the 
vascular network. The cells of the outer 
cortex of the root end somewhat back 
from this zone, a little farther away from 
the vascular network. The cortical region 
of the root is seen to be continuous with 
that of the stem (figs. 203-206). The 
proximal limits of the cortical cylinder 
indicate the base of the root proper. The 
vascular tissue leaves the vascular cylin- 
der of the root in strands formed of xylem 
and phloem. These strands radiate out 
from the base of the root proper, the in- 
dividual strands of adjacent roots anasto- 
mosing with one another as well as with 
the vascular network at the boundary 
between cortex and stele of the stem 
(figs. 11, 12, 206). 

The endodermis and pericycle of th 
root terminate in about the same zone as 
the outer cortex. As stated previously 
(p. 193) there is a gradual transition from 
the true endodermal cells of the root to 
the “endodermal-like”—the stelar pe- 
ripheral sclerenchyma—cells of the stem 
stele (figs. 205, 206). A single layer of the 
root endodermal cells passes over to a 
double layer, one of the endodermal cells 
and the other of endodermal-like cells 
which in turn passes over into a single 
layer of the sclerenchyma cells (figs. 38, 
39, 206). 

COURSE OF ROOT IN STEM.—Soon after 
the initiation of the root it turns down- 
ward and follows an oblique course 
through the cortex of the stem for some 
distance, at an angle of about 45° from 
the stem axis. This course is usually not 
in a single plane but may often be 
twisted. As the root tip advances, the 
starch grains in the stem cortical cells 
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ahead of it, often at some distance, dis- 
appear, suggesting that there is some di- 
gestive action. The walls of these cells be- 
come crushed through the mechanical 
pressure of the advancing root tip. The 
crushed cells lose their individual iden- 
tity and lie as a layer just outside the 
epidermal cells (figs. 183, 184, 201). 
There is also sometimes evidence of di- 
gestive action on the walls of these 
crushed cells (figs. 182-184). There is 
little doubt that the sclerenchyma cells 
in the pith and outer cortex of the root 
serve an important mechanical role in 
advancing the root through the stem cor- 
tex. MEYER (93) believed that the scler- 
enchyma cells of the internal roots also 
add greatly to the rigidity of the 
bromeliaceous stem. 

Several authors (23, 40, 141) have 
mentioned the presence of mycorrhiza in 
the internal roots of Bromeliaceae. 


EMERGENCE OF ROOT FROM STEM AND 
ITS DEVELOPMENT AND STRUCTURE 
EXTERNAL TO STEM 


The roots usually emerge from the 
nodal region, breaking through mechani- 
cally in this zone, probably because it is 
comparatively less resistant than the in- 
ternodal region or the leaf bases them- 
selves. If moisture and temperature con- 
ditions are favorable, the root continues 
growing external to the stem. 

If such conditions are not favorable or 
if there are other inhibiting factors, 
growth of the roots is arrested soon after 
emergence. It is these just-emerged tijs 
which are commonly but erroneously 
called root “primordia” or “buds.’”’ The 
cells of the root cap become suberized, to 
form a reddish-brown covering over the 
tip of such an arrested root ; ScHULz (126) 
wrote of this suberized root cap as a 
“metacutis.”’ There is no evidence in the 
pineapple root that there is a suberiza- 





So 
he 


ve 


the 
ni- 
t is 


-m- 
on- 
ues 


e or 
ors, 
fter 
tis 
usly 
The 
1, to 
the 
126) 
as a 
| the 
riza- 








1949] KRAUSS— PINEAPPLE ANATOMY 569 


tion of the cap cells before the root 
emerges from the stem as JORGENSEN 
suggested for Bromeliaceae. He found, in 
the species he studied, that the walls of 
the root cap cells become thicker and 
turn brown when the root reaches the 
outer cortex of the stem, just before 
emergence. 

Sometimes there is a great initial in- 
crease in the diameter of the root during 
the period of dormancy after emergence, 
chiefly a result of an increase in the num- 
ber of exodermal cell layers (fig. 207), 
without an accompanying increase in 
length. This type of increase does not oc- 
cur when the root continues to elongate 
normally after emergence from the stem 
(fig. 208). 

When conditions become favorable for 
elongation again, a dormant root renews 
growth. The growing point breaks 
through the suberized root cap, and the 
distal end of the root again consists of the 
normal type described previously, with a 
new cap formed. 

Several authors (49, 69, 93) mentioned 
the degeneration or even complete dis- 
appearance of the root cap upon the 
emergence of the root from the stem as 
being characteristic of bromeliaceous 
roots. MEYER (93) thought that this 
might be a result either of the cap loosen- 
ing as a whole from the meristematic 
dome or of the detachment of individual 
layers. In the pineapple root a few of the 
outermost rows of the root cap cells are 
lost, probably in the mechanical pushing 
of the root through the outer layers of the 
stem cortex. This makes the root tip 
seem blunter just after emergence in 
comparison to its more usual tapering 
appearance after further elongation out- 
side the stem. 

The cells which form the epidermis are 
elongated in the direction of the root axis 
both in the portion of the root within and 


in that external to the stem (ei and eo, 
respectively, in fig. 208), but in that por- 
tion of the root within the emergence 
zone, just inside the stem epidermis or 
cork, the root epidermal cells are defi- 
nitely elongated radially, with this longer 
axis often directed in an oblique manner 
toward the stem interior (e in figs. 207, 
208). There is often a suberization of the 
walls of these cells (e in fig. 208). 

CorTICAL REGION.—The most striking 
difference in the internal structure of the 
root after it has emerged from the stem 
is the addition of another cortical layer, 
the exodermis, and the formation of 
raphides cells in the outer cortex. 

The nomenclature of the individual 
cortical layers or regions of the bromelia- 
ceous root presented by MEYER (93) will 
be adopted for the pineapple root. 
Through her careful ontogenetic study of 
the growing point of the roots of this 
family she was able to interpret these 
tissues better than any previous author. 

Before MEYER’s paper appeared there 
was considerable confusion in the naming 
of the different outer cortical layers in 
bromeliaceous roots, as MEYER pointed 
out in her review of the literature. As 
MEYER’s list is not complete, it seems 
wise to present a more complete review 
(in chronological order), since a correct 
interpretation of the cortical layers in the 
Bromeliaceae is of some importance and 
of considerable interest. 

JORGENSEN (69) was the only author 
previous to MEYER who described differ- 
ences in the number of cortical layers in 
those portions of the root internal and 
external to the stem. In a description of 
several bromeliaceous species he distin- 
guished between an inner cortical layer 
of thin-walled parenchymatous cells and 
an outer layer of sclerenchymatous tis- 
sue; in the portion of the root external to 
the stem this latter layer is reduced to a 
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Fics. 207-208.—Zone of emergence of root from stem. Fig. 207, longitudinal section through stem and 

emerging root of seedling, and fig. 208, detail of root emergence zone in another stem. Note addition of exo- 
dermal layer (ex) in portion of root external to stem, and root epidermal cells radially elongated (e) in zone of 
emergence, in contrast to usual epidermal cells elongated in direction of root axis within (ei), and external to 
stem (eo). sc, stem cortex; pe, pefiderm; ep, point of actual exit of root from stem; en, endodermis, oc, outer, 
and ic, inner cortex, p, pith—all of root; rc, raphides cell in stem cortex. Fig. 207, X 80; fig. 208, K 120. 
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narrow zone and becomes limited ex- 
ternally by a layer of large parenchyma 
cells without intercellular spaces. This 
latter layer can be identified as the 
exodermis in MEYER’s nomenclature. 

SCHWENDENER (127) described a “‘cor- 
neous” parenchyma forming an outer 
sheath of the root cortex in many bro- 
meliaceous species. This is the outer cor- 
tex. SIEDLER (136) used the term “hypo- 
dermis”’ to describe the layer of two to 
five cell rows beneath the epidermis in 
the root of a Bromelia species; this cor- 
responds to the exodermis. Below this 
layer he found four rows of small cells 
with lignified walls which he called 
“suberoids”’; this layer is identical with 
the outer cortex of MEYER. 

KROEMER (80) applied the term “‘in- 
tercutis” to a layer comprised of twenty 
cell rows beneath the epidermis in an 
Ananas species. According to his descrip- 
tion and illustrations, his “intercutis” in- 
cluded both exodermis and outer cortex. 
He regarded this tissue ontogenetically 
and functionally a uniform layer. Bo- 
RESCH (16), describing only the root 
within the stem, wrote of an extensively 
developed sclerenchymatous ring of cells 
with a deep red-brown color forming the 
outer portion of the cortex. This is prob- 
ably the outer cortex. 

Horm (65), specifically writing of sec- 
ondary roots of A. comosus, correctly 
named the outermost cortical layer as 
exodermis. Within this he found a 
“closed” sheath of about fifteen rows of 
very thick-walled cells; this is the outer 
cortex of MEYER. BERGMAN and WELLER 
(13), also describing the pineapple, did 
not differentiate between the cortical 
regions of the root within and external to 
the stem, merely noting the presence of 
an outer cortex consisting of sclerenchy- 
ma with very thick reddish-brown suber- 
ized walls. 


SOLEREDER and MEYER (141) char- 
acterized the cortex of the roots of the 
many bromeliaceous species they studied 
as having an inner portion, a medial 
sheath of sclerenchyma (which can be 
identified as the outer cortex of MEYER), 
and an outer parenchymatous portion 
with an ‘“exodermatic appearance.” 
ScuHuLz (126), describing A. comosus 
among other Bromeliaceae, wrote that 
the outer cortex in the root of this spe- 
cies, about ten rows of cells, forms what 
she called an “‘intercutis.”’ Outside of this 
there is early formed a “‘velamen inter- 
cutis,”’ the cell walls of which remain thin 
for a long time. This latter layer probably 
corresponds to the exodermis; the former, 
to the outer cortex. MEYER contended 
that this tissue which ScHutz called a 
velamen cannot be so named, since the 
cells do not absorb water as does the 
velamen in other plants. Mites THomas 
and Hotmes (98) wrote of a cortical 
middle layer and an outer cortex in the 
roots of young pineapple plants; these 
can be identified as the outer cortex and 
exodermis, respectively. 

EaMEs and MAcDANIELS (33) main- 
tained that such an exodermis is merely a 
type of hypodermis, but ENGARD (37) 
thought that the exodermis cannot be 
considered in the same category as hypo- 
dermis, since the former authors’ defini- 
tion of a hypodermis refers to a spatial 
relationship with the epidermis and not 
to ontogenetic relationship with the 
cortex. 

MEYER (93) definitely traced the his- 
togenesis of the exodermis in the growing 
point of the bromeliaceous roots she in- 
vestigated, and the same can be done in 
the pineapple root. MEYER thought that 
previous authors had, in their descrip- 
tions, proceeded from the point of view 
of the morphology or function of the 
various cortical tissues rather than from 
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an ontogenetic standpoint and had thus 
failed to recognize the exodermis as a dis- 
tinct tissue. Her ontogenetic studies 
showed that the exodermis is formed 
from a subdermatogen layer, whereas the 
outer and inner cortex have their own 
initials in the periblem. 

MEYER’s stand on this tissue, to re- 
gard it properly as an exodermis, has re- 
cently been justified in a paper by 
ENGARD (37), who, describing the orchid 
root, wrote that the use of this terminol- 
ogy (exodermis) is proper, since this tis- 
sue is similar to the endodermis in its 
ontogeny (the histogenetic origin of both 
tissues can be traced to the growing point 
of the root), and its outer limiting posi- 
tion is comparable to the inner limiting 
position of the endodermis in the cortex. 

Although the exodermis is really first 
conspicuous after the root has emerged 
from the stem, MEYER stated that this 
tissue is present in the internal root and 
that there it is already multilayered. She 
found that the number of cell layers of 
what appears to be the outer cortex in 
the part of the root within the stem is 
equivalent to the total number of cell 
layers of the exodermis plus those of the 
outer cortex in the portion of the root 
external to the stem. She also found that 
near the zone of emergence the outermost 
cells of the ‘outer cortex” are thinner 
walled and have greater diameters. A 
layer or more of cells which might be 
designated as exodermal cells could not 
be found in the root within the pineapple 
stem (figs. 201, 208) except in the position 
just before the zone of emergence, where 
an additional cell layer is found between 
the epidermis and outermost layer of the 
outer cortex. A latent histogen for the 
exodermis must be present in the root tip 
within the stem; this is then ‘“‘stimu- 
lated” upon the exit of thé root tip from 
the stem. The number of exodermal cell 
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rows increases from the one in the emer- 
gence zone up to five to eight layers upon 
emergence of the root. MEYER (93) found 
ten rows of exodermal cells and reported 
A. comosus as having one of the most 
highly developed exodermis in the Bro- 
meliaceae. 

The exodermal cells are elongated in 
the direction of the root axis, this dimen- 
sion being seven to twelve times greater 
than the radial diameter. Transverse sec- 
tions of these cells form polygons, having 
four to seven sides. The end walls are 
usually transverse. The cells fit tightly 
together and are without intercellular 
spaces. They mature very early and often 
no longer have a living protoplast when 
the formation of the outer cortex is not 
yet complete. Suberization begins in the 
outermost exodermal layer and _pro- 
gresses from there inwardly. The walls 
never become very thick; MEYER (93) 
demonstrated a lignin middle lamella, a 
suberin secondary lamella, and a tertiary 
lamella of lignin. She believed that the 
nature of the cell walls and the early 
death of the protoplasm may indicate 
that the exodermis in the Bromeliaceae 
soon represents nothing more than a 
corklike outer cylinder which protects 
the still immature cell layers beneath. 
Occasional raphides cells are found in the 
exodermis. 

The outer cortex in the portion of the 
root external to the stem when mature 
forms a sclerenchymatous hollow cylin- 
der lying between the exodermis and 
inner cortex. The width of the outer 
cortical layer is approximately the same 
in the internal and external parts of the 
root, varying from two to six cell rows. 
The cells of this layer in the external root 
very much resemble those in the same 
layer of the internal root except that 
raphides cells are found in large numbers 
in the outer cortex of the external root. 
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The raphides cells are usually arranged 
in vertical rows (in the direction of the 
root axis), one cell wide. Several of such 
vertical rows may be adjacent to one an- 
other. The raphides cells are formed im- 
mediately back from the meristematic tip 
and are soon larger than the surrounding 
cortical cells (figs. 188, 189). The end 
walls, which are transverse, become rup- 
tured, the raphides are scattered, and air 
passages are formed (rc in figs. 198, 199, 
202). 

The cell walls of the outer cortex be- 
come very thick, almost to the point 
where the lumen disappears (figs. 199- 
202). MEYER (93) found the middle and 
tertiary lamellae to be lignified and the 
secondary one to be of suberin. In older 
portions of the root this outer cortical 
layer becomes a dark reddish-brown. 
The walls are pitted, the pits being slit- 
like in face view and obliquely oriented. 

The inner cortex in the external root is 
usually of the same width as, but may be 
wider than, it is in the root within the 
stem; it is made up of the same two dis- 
tinct portions. The cells of this cortical 
region are shorter vertically than the 
outer cortical cells and are thin walled, 
even when mature. Eventually, many of 
the cells of the innermost portion of the 
inner cortex collapse, and only isolated 
cell chains, arranged usually in radial 
lines, are preserved. These chains then 
stretch between the endodermis—or be- 
tween a layer or two of cells of the inner- 
most portion which have been preserved 
intact adjacent to the endodermis—and 
the cells of the outer portion of the inner 
cortex (figs. 199, 202). This “‘resorp- 
tion,” as MEYER (93) called it, progresses 
to such an extent that in most places only 
the radial walls of some of the cells re- 
main (fig. 200). Large lacunae are thus 
formed. 

In trying to pull a mature root from a 


pineapple plant, it has been observed, 
with the unaided eye, that an outer red- 
dish-brown portion is stripped off, with a 
white core remaining attached to the 
stem. The line of breakage is in this inner 
cortical zone. 

MEYER (93) thought the structure and 
composition of the cell walls of the outer 
and inner cortical tissues to be closely 
correlated with their different functions: 
mechanical support and water conduc- 
tion, respectively. She demonstrated a 
rise of capillary water in the inner cortex 
of intact pineapple roots and those of 
other species through the use of dyes. 
Evaporation of water from the inner cor- 
tical region is prevented by the suberiza- 
tion of the outer cortex and the exoder- 
mis. 

The mature structure of the internal 
limiting layer of the cortex, the endo- 
dermis, is similar in both the internal and 
the external portions of the root. MEYER 
(93) reported a greater development of 
the tertiary suberin lamella of endoder- 
mal cell walls in the portion outside the 
stem than inside. 

STELAR REGION.—All mature tissues 
of the stelar region are much the same in 
the parts of the root inside and outside 
the stem. MEYER (93) noted “plugs” of a 
dark-brown material in the vessels of A. 
comosus which gave a resin-like reaction; 
the present writer has occasionally ob- 
served such a substance in the vessels of 
old pineapple roots. JORGENSEN (69), re- 
ferring to Bromeliaceae in general, wrote 
that, once the root emerges from the 
stem, thick-walled pith cells are no 
longer formed; that the innermost of 
these cells remain thin walled or are ‘“‘ab- 
sorbed” and a cavity results. This differ- 
ence in pith cells in the root internal and 
external to the stem does not exist in the 
case of the pineapple (compare pith in 
figs. 201, 202). MEYER (93), describing 
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Bromeliaceae in general, reported that 
the slit pits of the pith cells are oriented 
variously, dependent upon the position 
of these cells within the core of pith. She 
found horizontally oriented pits in the 
peripheral zone and obliquely to perpen- 
dicularly arranged pits in the central 
zone and thought that the pit orientation 
is correlated with the stresses to which 








Fic. 209.—Transverse section of axillary root, 
flattened and distorted somewhat as result of con- 
stricted development between base of leaves and 
stem. e, epidermis; ex, exodermis; oc, outer, and ic, 
inner cortex; and en, endodermis. Stelar region not 
shown. From MEYER (93). 


the different pith cells are subjected. She 
also reported that there were no per- 
pendicularly oriented pits in the pith 
cells in the portion of the root inside the 
stem because the pith cells here are sub- 
jected to small stresses only. She indi- 
cated that the chemical nature of the 
wall thickenings of the pith cells is the 
same as for those of the exodermis and of 
the outer cortex. 

Root HAIrs.—As in most roots, hairs 
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form just behind the region of elonga- 
tion. These hairs are very long and nu- 
merous (fig. 199) and, as in other roots, 
are slender tubular outgrowths of epi- 
dermal cells (fig. 202). During the stage 
when the cell serves as an absorbing or- 
gan, the wall is delicate, translucent, and 
of cellulose. The cytoplasm is continuous 
with that of the epidermal cell, lining the 
entire wall and thus leaving a large cen- 
tral vacuole. With aging, which proceeds 
rapidly, the contents dry up and are 
barely visible against the inner surface of 
the cell wall; the walls become lignified 
and even suberized. MEYER (93) demon- 
strated a cutinization of root epidermal 
and hair cell walls. In the pineapple the 
root hairs persist for a long time after 
they are dead (fig. 199), in contrast to the 
situation in many other plants. 

Roots which normally have hairs in 
the soil often lack them when grown in 
water (33). This led MEYER (93) to com- 
ment on the development of an amazing 
quantity of root hairs on bromeliaceous 
roots grown in water culture. In the case 
of pineapple it has been found that the 
formation of root hairs of plants grown in 
water cultures is dependent to a great 
extent upon the oxygen supply in the 
water. IwAoKA et al. (66) found that the 
roots of plants grown in unaerated solu- 
tions bore relatively few and short root 
hairs and that there were practically no 
hairs within an inch or more of the root 
tip. On the other hand, the roots of 
plants grown in aerated solutions had 
many root hairs; these were about twice 
as long as those in the other group and 
were, furthermore, present in abundance 
within 0.1 inch of the root tip. 

FLATTENED ROOTS.—The roots which 
emerge at higher levels of the stem—the 
so-called ‘‘axillary” roots—are tightly 
wound around the stem (figs. 4, 9) and 
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are greatly flattened and somewhat dis- 
torted as a result of their constricted de- 
velopment between the base of the leaves 
and the stem. ScHuLz (126) mentioned 
flattened roots in her description of Til- 
landsia juncea but did not describe their 
internal anatomy. MEYER (93) com- 
mented on this clasping characteristic of 
bromeliaceous roots—thigmotropism— 
as being especially characteristic of epi- 
phytic species. She described and illus- 
trated (fig. 209) the anatomical changes 
brought about in the dorsiventrally flat- 
tened roots on an A. comosus crown. 

The internal structure of flattened 
roots on the main axis of pineapple is 
similar to that described by MEyYEr for 
the crown roots: in cross section the 
stelar and cortical regions together make 
an elliptical figure instead of the usual 
circular one in normal roots, with the 
cortex showing narrow and broad parts, 
the number of cell layers being very 
much greater in the latter than in the 
former. 


LATERAL ROOTS 


The lateral roots are endogenous, as in 
other plants, being initiated in the peri- 
cyclic region of a main root* after it has 
left the stem. A group of cells in this rela- 
tively permanent tissue becomes ,meri- 
stematic, and a root primordium is ini- 
tiated. This is in contrast to the origin of 
a main root, part of which is initiated in 
the stelar and part in the cortical tissue 
in an apical meristematic region of the 
stem. 

A definite growing point with its initial 
cells, histogens, root cap, and other char- 
acteristic structures, similar to those in 
the main root within the stem, are rap- 

3« The term “main root’ will be used in this 


paper to designate all adventitious roots of the 
first order. 
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idly formed. As this lateral root pri- 
mordium develops, the endodermal cells 
of the main root are stretched and then 
ruptured. The lateral root then forces its 
way through the cortical tissue and epi- 
dermis of the main root, chiefly by me- 
chanical pressure probably. The crushed 
cells of the cortex of the main root lie 
against the epidermis of the lateral root. 
At the proximal end of the lateral root 
there are anastomoses between the vas- 
cular elements of the lateral and main 
roots so that a conduction pathway, al- 
though not direct, is established. The 
pericycle and endodermis of the main 
and lateral roots are not continuous and 
are slightly displaced. There is no con- 
nection between other corresponding tis- 
sues of the two roots. An exodermis is not 
discernible in the lateral root until it has 
left the main root; this difference in 
structure of the lateral root before and 
after it leaves the main root is analogous 
to the relationship between the parts of 
the main root within and external to tke 
stem. 

The structure of the mature portions 
of lateral roots is similar to that of the 
main root except that, correlated with 
their smaller diameter, the lateral roots 
have fewer xylem arcs and phloem 
groups, and the number of cell layers in 
the cortical region is less. Further branch- 
ing of the lateral root, to form tertiary 
roots, and of the latter, to form laterals 
of even higher orders, is found in pine- 
apple. Root hairs are present on lateral 
roots also. 

The lateral roots may leave the main 
root directly at right angles to the main 
axis (fig. 213), or first follow a course at 
right angles for a short distance and then 
turn obliquely downward (figs. 210, 211), 
emerging from the main root at some dis- 
tance from its origin (fig. 212). 











Fics. 210-212.—Lateral roots. Transverse sections of main root at different levels. Fig. 210-211, proxi- 
mal ends of lateral roots formed in older portions of main roots. Course of these lateral roots in main root is 
horizontal at first, then obliquely vertical; sections cut at levels where lateral root turns Cownward (fig. 210) 
and where lateral root leaves main root (fig. 211). Fig. 212, tip of lateral root which left main root at slightly 
higher level than in section cut. e, epidermis of main, and /e, of lateral root; ex, exodermis of main, and lex, 
of lateral root; oc, outer cortex of main, and Joc, of lateral root; ic, inner cortex of main root; rc, raphides 
cell in outer cortex of main root; v, vessel in main root; gp, growing point of lateral root. X 120. 
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The destruction of the growing tips of 
the main or of lateral roots growing in the 
soil, or in culture solutions, by insect 
pests, pathological organisms, nematodes, 
or mechanical injury brings about mul- 
tiple lateral root formation. This type of 
lateral root stimulation produces the so- 





and main roots is the same in this case as 


when a lateral is formed in a root external 
to the stem. 


Cork 


The only secondary tissue occurring in 
the pineapple plant is the cork. It is 
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Fics. 213-214.—Lateral roots. Fig. 213, transverse, and fig. 214, longitudinal sections of main roots 
showing lateral roots. Sections show lateral roots which leave main root in almost horizontal course (not 
very usual—figs. 210-212). Fig. 213, older portion of main root than in fig. 214. e, epidermis; ex, exodermis; 
oc, outer cortex; ic, inner cortex; en—pc, endodermis-pericycle; pc, pericycle; ¢, tracheids; v, vessel; p, pith; 
ss, Stelar region—all of main root. Arrow indicates peripheral boundary of lateral root. X 120. 


called ‘‘brooming”’ effect often seen in 
such roots. 

JORGENSEN (69) and SOLEREDER and 
MEYER (141) have stated that laterals 
are not formed in bromeliaceous roots 
while they are still within the stem. Al- 
though not a common occurrence in pine- 
apple, such laterals are found (figs. 215, 
216). The relationship between lateral 


found on the older portions of the stem, 
in the cut ends of the latéral branches 
used as planting material, at the margins 
of the bases of leaves which are often 
torn slightly, and in leaf scars; in the 
case of these three latter positions the 
tissue may be considered as wound cork. 

Several authors have described the oc- 
currence of a periderm or cork in brome- 
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liaceous plants. FALKENBERG (40) re- 
ported the regular presence of a periderm 
layer, the cells of which become lignified, 
die, and finally slough off, in the species 
he studied. Mrz (94) considered cork a 
rare tissue in this family, as did SOLERE- 
DER and MEYER (141). Where Mez did 
find cork present, he observed a “‘phel- 
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Fics. 215-216. 


BOTANICAL GAZETTE 


[JUNE 


GIOVANNOZzI (47) was the first to de- 
scribe the periderm in Bromeliaceae as 
“storied cork’ (Etagenkork), a term al- 
ready applied to a peculiar type of cork 
in some other monocotyledons. PHILIPP 
(105) described this storied cork as it oc- 
curs in bromeliaceous plants in greater 
detail and placed Bromeliaceae among 





Lateral root in stem. Rather unusual case of lateral root formed in root within stem, 


shown in transverse section of seedling stem. Fig. 215, section at proximal, and fig. 216, at distal ends of 
lateral root. lex, exodermis; Joc, outer cortex; /ic, inner cortex; len, endodermis; /p, pith; /s, stelar region—all 
of the main root; sc, stem cortex. Arrow in fig. 215 indicates lateral root. X 120. 


logen” at a depth of eight to fifteen cell 
layers beneath the epidermis. This phel- 
logen he found capable of producing up 
to thirty rows of cork cells; these even- 
tually become suberized. BorEscu (16) 
also thought that a phellogen is respon- 
sible for the periderm in the Bromeliaceae 
he studied. He reported the periderm cell 
walls as lignified but fownd no suberin 
reaction. 


those plant families having a “cutis 
bark” (Kutisborke). This ‘‘bark”’ is made 
up of layers of ‘‘metacutis” (a term not 
often seen in the literature; it is applied 
to cells which retain their original form 
but whose walls become suberized— 
EAMES and MAcDANIELs’ [33] suberized 
primary cortical cells) and storied cork. 
EAMES and MacDanliets called such a 
complex of periderm and suberized corti- 
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cal cells “rhytidome”’ and stated that 
this term is rarely synonymous with the 
German Borke. This writer believes, how- 
ever, that Puitipp’s Kutisborke is synon- 
ymous with Eames and MAcDANIELs’ 
“rhytidome.”’ 

MEYER (93) merely mentioned that 
there is a multilayered periderm be- 
neath the epidermis in Bromeliaceae. 

BERGMAN and WELLER (13) found 
periderm formation throughout the 
length of the pineapple stem except for 
10-20 cm. in the younger part of the 
stem apex, in the bases of older leaves, 
and beneath any wounded area on the 
stem, e.g., in leaf scars. They described 
the periderm as originating either near 
the periphery of, or at some depth with- 
in, the cortex. The periderm in either po- 
sition consists of sclerenchyma and of 
cells with thin walls of suberin. These 
authors considered cells which clearly 
correspond to PHILIPP’s metacutis, or 
EAMES and MAcDANIELs’ suberized pri- 
mary cortical cells, as not belonging to 
the periderm, since they are not devel- 
oped from a secondary meristem. De- 
scriptions and illustrations of BERGMAN 
and WELLER’s periderm indicate a cork 
of the storied type. 

OximoTo (102a) has recently de- 
scribed a periderm beneath the epidermis 
bordering the nectary duct, or excretory 
canal, which terminates the septal gland 
at the top of the ovary of pineapple; this 
resembles the storied cork described by 
the previous authors. 

It will be seen from the above review 
of the literature that there is a divergence 
of opinion on whether, in Bromeliaceae, 
the cork is of the type originating from a 
phellogen, as some of the authors (16, 94) 
reported, or a storied cork. Further ex- 
amination of vegetative organs of pine- 
apple has shown that there is actually 
great variation in the cell makeup of the 
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cork, even in this one species, but that in 
no case is the cork formed from a cork 
cambium. 

In a subepidermal region or in a region 
lying deeper within the cortex of the 
stem, isolated, or more often a series of 
laterally and/or radially adjacent, vacu- 
olated cortical cells become meristematic, 
and a series of tangential walls (one to 
several) form in each of these ‘‘mother 
cells.” The radial depth of the cork layer 
thus depends upon the number of these 
mother cells included in a radial row, and 
the lateral extent is dependent upon the 
number of laterally adjacent cells which 
become meristematic. 

If the cork tissue forms in a subepi- 
dermal region of the cortex, it is usually 
the innermost cells of the outer cortex 
and/or the outermost cells of the inner 
cortex which are involved (fig. 217A). 
In this type of cork formation from one 
to, usually, more radially adjacent cells, 
alone or in conjunction with several lat- 
erally adjacent cells, become meriste- 
matic. In the first case short, somewhat 
irregularly placed, more or less isolated 
groups of cork cells result (fig. 218). 
When the number of laterally adjacent 
cells involved is rather extensive, a more 
or less regular type of cork, suggestive of 
a phellogen-formed cork results (figs. 
207, 208). The suberized outermost cells 
of the outer cortex—considered hypo- 
dermis by many authors, and a peripheral 
sclerosed layer by this writer (pp. 196, 
197)—which outwardly limit such cork, 
is equivalent to PHiripp’s (105) meta- 
cutis. This term will not be retained by 
this writer, however, since it is not in 
general use and is misleading. This pe- 
ripheral subepidermal type of cork may 
be (fig. 2174), but more often is not 
(figs. 207, 208, 218), associated with 
stone cells. These cells will be described 
in connection with the deeper-lying cork. 
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When the cork lies deep within the 
cortex, it may develop as a layer of 
varying radial widths, separated from 
the epidermal cells by many rows of su- 
berized primary inner and outer cortical 
cells (again PHILIPP’s metacutis), or as a 
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picted such cells as occurring in the cork 
of bromeliaceous plants. These authors 
did not describe these sclerenchyma cells, 
but their illustrations clearly show them 
to be stone cells. Strangely enough, al- 
though Pxitipp did not mention such 
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Fics. 217-220.—Cork. Fig. 217, diagrammatic presentation of cross sections of different types of cork 
formation in stem. A, in subepidermal cells—cork cells located in outermost cells of inner cortex, and limited 
inwardly by stone cells (black strip); B, zone of cork cells lying deeper within inner cortex, and limited in- 
wardly by stone cells; C, zone of cork cells lying deep within inner cortex, consisting of alternating strata 
of cork cells and stone cells. Figs. 218-220, transverse sections of stem to illustrate types of cork formation 
presented in A, B, C, respectively, in fig. 217. Note subepidermal storied cork of rather irregular arrangement, 
with periclinal walls shown in individual mother cells (fig. 218); storied cork of rather regular arrangement, 
deeper within cortex, with stone cells: few, in fig. 219; many, in fig. 220. es, epidermal-sclerosed cortical 
cell complex; scc, suberized primary cortical cells; c, cork cells; sc, stone cells. 


cork tissue of great depth, extending cells as occurring in the cork of Bro- 





from deep within the cortex to the outer 
cortex. In both these cases rows of short, 
very thick-walled sclerenchyma—stone 
cells—are associated with the cork tissue. 
These are the sclerenchyma cells men- 
tioned by BERGMAN and WELLER (13), 
the only other authors who have de- 


meliaceae, he described and illustrated 
similar cells in the cork of a species, 
Monstera deliciosa, which belongs to an 
entirely different family. 

Puitipr contended that these stone 
cells in Monstera are not cork cells, 
whereas DEBary (30) wrote that in large 
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masses of cork in many plants single 
cells, genetically equivalent to cork cells, 
assume the properties of sclereids, re- 
sembling the so-called ‘“‘stone cells.” 
Eames and MacDANIELs (33) considered 
the sclereids associated with cork as part 
of the phelloderm. 

In the instances where the cork forms 
deep within the cortex, separated from 
the epidermis by a layer of suberized pri- 
mary cortical cells, it is limited inwardly 
by a row, or rows, of these stone cells 
(fig. 219). In the case where the deep- 
lying cork layer extends to the outer cor- 
tex, wide radial layers of regular cork 
cells alternate with narrower zones of 
stone cells (figs. 217C, 220). The tissue 
structure thus formed appears similar to 
that illustrated for Monsiera deliciosa by 
Puitipe (105) and described by De- 
Bary (30) for Tamus elephantipes. 

The regular cork cells form rectangles 
in transverse sections, narrow and elon- 
gated in a tangential direction; the latter 
dimension is often from three to four 
times as great as the radial one. In longi- 
tudinal sections the cells are more elon- 
gated in a direction parallel to the stem 
axis, being the same length as the mother 
cell. The walls are comparatively thin 
and are suberized as in all cork cells. 

The stone cells have a greater radial 
diameter than the regular cork cells, of- 
ten even being isodiametric in cross sec- 
tion. Their walls are frequently thickened 
to such a degree that the lumen is no 
more than a slit. The walls are profusely 
pitted, the pits usually branched and cir- 
cular in cross section (figs. 219, 220). 
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ABSCISSION OF MARCESCENT LEAVES OF QUERCUS 
PALUSTRIS AND Q. COCCINEA 


ROBERT W. HOSHAW AND ARTHUR T. GUARD 


Introduction 


Leaf abscission in the genus Quercus is 
very irregular, and the time of leaf-fall 
ranges from early fall to early spring. 
Quercus palustris Muench. and Q. coc- 
cinea Muench. frequently show a tenden- 
cy to retain their leaves until early 
spring. Only a limited amount of infor- 
mation pertaining to the abscission phe- 
nomena of marcescent leaves is available. 
In this investigation the exact time for 
the formation of the separation layer and 
some of the physiological and anatomical 
changes occurring throughout the base of 
the petiole were studied, and the findings 
are herein described. 


Methods 


Material was collected from trees of 
the two species on the Purdue Universi- 
ty campus at West Lafayette, Indiana, 
at weekly intervals for a period extending 
from January, 1947, until April, 1948. 
The samples consisted of small lengths of 
stem with a portion of the petiole at- 
tached. 

Sections used in preparing permanent 
slides were cut by both freezing-micro- 
tome and celloidin methods. The major- 
ity of the sections were cut on the freezing 
microtome and varied from 25 to 35 # in 


thickness. They were stained with ruthe- 
nium red, methylene blue, or safranin 
and then transferred to alcoholic solu- 
tions for dehydration and destaining. 
Final processing prior to mounting was 
carried out in xylol. 

Standard microchemical tests (4, 11) 
were used on fresh material. These tests 
were: pectic compounds—ruthenium red; 
calcium oxalate crystals—differential sol- 
ubility tests using acetic acid, hydro- 
chloric acid, sulphuric acid, and barium 
chloride; lignin—phloroglucin—HCl. 

The terminology used conforms to 
that of KENDALL (7): abscission—de- 
taching of an organ by the separation of 
actively living cells at or near its base; 
separation layer—the layer of cells which 
will separate from one another at abscis- 
sion; separation zone—the general region 
through which abscission takes place. 


Observations 


The trees from which the material was 
collected retained most of their leaves 
during the winter months. Although 
some leaves dropped unsystematically 
throughout the winter, leaf-fall was not 
complete until early spring both years of 
the study. In the second year high winds 
and heavy rains prevailed throughout 
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the early days of spring, causing comple- 
tion of leaf-fall approximately 2 weeks 
earlier than in the preceding year. 

The leaves of both species were in a 
marcescent condition throughout the late 
fall and winter months. A small greenish 
area composed of living tissue remained 
at the base of each petiole, and the proc- 
esses accompanying abscission were 
found to function within this area. The 





FIG. 1. 


—Longitudinal section of maturing petiole 
base in newly expanded leaf of Q. palustris. A, stem; 
B, petiole. Collected May 23. 


remaining portion of the petiole and the 
blade were dead. 

In the spring the cells within the basal 
tissues of the petioles of newly expanded 
leaves of both species showed no indica- 
tion of development of a preformed sepa- 
ration zone (fig. 1). The cells of the peti- 
olar cortex were small, isodiametric, and 
contained a few crystals of calcium oxa- 
late which were scattered irregularly 
through the cortical tissue. The vascular 
tissue appeared well developed with 
noticeable spiral elements in the xylem. 

With maturation of blade and petiole 
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tissues no changes which could be related 
to any phase of the abscission process 
were evident in the petiole. Throughout 
the summer the only visible changes oc- 
curring in the petiole base were normal 
cell enlargement and an increase in the 
number of calcium oxalate crystals. The 
crystals were more abundant in the pith 
of the petiole than in the cortical tissue. 
An abundance of crystals was also pres- 
ent in both the pith and the cortex of the 
stem. By the end of summer neither Q. 
palustris nor Q. coccinea showed any 
change at the petiole base which could be 
associated with abscission phenomena. 

The first evidence of change in the pet- 
iole base in Q. coccinea was observed on 
January 5 (fig. 2). In its distal region a 
five- to seven-celled lignified layer then 
formed an irregular path across the en- 
tire petiole base. The cells of both the lig- 
nified layer and the adjacent tissues con- 
tained a moderate number of crystals. 

The standard phloroglucin-hydrochlo- 
ric acid lignin test was used to identify 
the lignified layer in thin sections of fresh 
material. Ruthenium red, methylene 
blue, and safranin stained only slightly 
the cells thus identified as the lignified 
layer, but adjacent tissues stained read- 
ily. 

Q. palustris was also tested on January 
5, but no lignified layer was found, and 
no differentiation was apparent between 
the tissues of the petiole base and the ad- 
jacent tissues. A moderate number 
of crystals were uniformly distributed 
throughout the petiole tissues. 

By mid-February approximately one- 
fourth of the uppermost leaves of Q. 
palustris had dropped, but no changes 
were yet apparent at the petiole base. 
The wind and the weight of the leaf were 
apparently the principal forces respon- 
sible for leaf-fall up to this time. 

A few leaves had also fallen from the 
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uppermost branches of Q. coccinea by 
mid-February, and, as was previously 
noted, the lignified layer was well formed 
at the petiole base. 

The two preceding observations indi- 
cated that the formation of the lignified 
layer had no immediate effect upon leaf- 
fall. In Q. palustris many leaves had fal- 
len by mid-February although there was 
no evidence of lignification, while in Q. 
coccinea very few leaves had dropped 
even though the lignified layer had been 
present for several weeks. 

The first evidence of a lignified layer 
was found in Q. palustris on February 24. 
It was composed of eight to ten tiers of 
cells and reacted similarly during the lig- 
nin test and exhibited the same staining 
qualities as that in Q. coccinea. The only 
difference between the lignified layers of 
the two species was the date of forma- 
tion. 

By March 1 no changes other than the 
further development of the lignified layer 
were noted in Q. coccinea (fig. 3). The 
thickness of this layer then varied from 
four to twelve tiers of cells. Crystals were 
present in both the lignified layer and the 
adjacent tissues. 

Crystals were present in all the material 
examined, even before the tissues of the 
petiole were mature. The most common 
type was the druse. In most cases the 
crystals were uniformly distributed, and 
no evidence of abscission phenomena was 
associated with either the presence or the 
absence of crystals in any tissue or in any 
portion of tissue. The crystals were found 
to be calcium oxalate, as shown by the 
tests suggested by GREENISH (4). 

OcCURRENCE OF ABSCISSION.—During 
the latter part of March the leaves of Q. 
palustris began to fall rapidly. Approxi- 
mately one-fourth of the leaves dropped 
unsystematically throughout the winter 
months. Leaf-fall progressed from the 
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uppermost branches downward with the 
more protected lower leaves being the 
last to fall. In Q. coccinea only a few 
leaves from the uppermost branches ab- 
scised during the winter months, while 
the-remaining leaves fell uniformly and 
rapidly in the early spring, a short time 
before those of Q. palustris. 

In both Q. palustris and Q. coccinea 
separation of the leaf petiole from the 
stem occurred about twelve to fourteen 
tiers of cells above the leaf axil, and one 
to two cells below the lignified layer 
(figs. 4, 5). 

In the early period of leaf-fall no ana- 
tomical change was noted in either spe- 
cies other than the already formed ligni- 
fied layer. The leaf-fall that occurred 
during this period was from the breaking 
of cell walls and apparently a result of 
mechanical forces. During the last days 
of leaf-fall a softening of cell walls in the 
separation layer was noted in Q. coccinea 
(fig. 6). In Q. palustris this cell wall soft- 
ening was noted to a lesser degree. In 
both species complete defoliation in- 
volved both mechanical forces and diges- 
tion of the cell walls of the separation 
layer. 

BROKEN PETIOLES.—At the time of 
rapid leaf-fall in both species many 
leaves fell not by abscising at the petiole 
base but by breaking at a point in the 
portion of petiole having the least diame- 
ter (fig. 7). Q. coccinea showed a greater 
number of these broken petioles. The 
break was irregular and was not gov- 
erned by any apparent changes in the 
structure of the petiole. At the time the 
petioles broke, a slight mechanical force 
could cause the petiole to abscise at its 
base. The petiolar stubs did not drop in 
any quantity until the buds began to 
swell. If a bud remained dormant, the 
subtending stub was retained until some 
external force caused it to drop. 
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Discussion 

The first evidence of a separation zone 
in Q. coccinea and Q. palustris occurs 
about 33 and 2 months, respectively, be- 
fore leaf-fall. KENDALL (7) found no dif- 
ferentiated separation zone in Datura 
prior to the time of abscission. HODGSON 
(6) and GoopsPEED and KENDALL (3), 
working with citrus leaves and pedicels of 
Nicotiana flowers and fruits, found pre- 
formed separation zones. Apparently the 
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sion is effected in two ways, either by cell 
division and digestion or by digestion of 
the cell wall alone. McDANIELs (10) re- 
ported that cell division occurs early in 
the spring in the separation zone of apple 
pedicels; however, Dutt (2) found no 
evidence of cell division during the ab- 
scission process in the flower pedicels of 
cotton. 

The first change noted in the petiole 
bases is the formation of a lignified layer. 





Fics. 6 


7.—Q. coccinea. Separation layer just prior to abscission when softening occurred. A, separation 


layer; B, lignified layer. Fig. 7, petiole stubs at terminal ends of branches. 


two oaks studied can be placed among 
those species which have no preformed 
separation zone. 

No cell division was observed in the 
formation of the separation layer in the 
marcescent leaves of either Q. palustris or 
Q. coccinea. LEE (8) reported that the 
separation layer in leaves of Q. palustris 
is produced by cell division in two to 
eight rows of cells which are located a 
little distance above the junction of the 
petiole with the twig. BERKLEy (1) noted 
in several species of Quercus that abscis- 


This layer formed several weeks before 
extensive leaf-fall began. LEE (8) also 
observed in Q. palustris that previous to 
leaf-fall the cells immediately above the 
separation layer became lignified. HEI- 
NICKE (5) found in apple pedicels that a 
short time before separation several tiers 
of cells in the separation zone, distal to 
the separation layer, showed evidence of 
lignification. 

In both Q. palustris and Q. coccinea the 
separation layer is located one to two 
tiers of cells below the lignified layer. 
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During separation many cell walls broke 
at right angles to their middle lamellae. 
In some cases the cell walls of the separa- 
tion layer collapsed just prior to abscis- 
sion, allowing the cell walls to separate 
easily. SAMPSON (11) found in Coleus that 
there is not only a breaking-down of the 
calcium pectate of the middle lamellae of 
the cells in the separation layer but also 
a breakdown of the cellulose of the sec- 
ondary cell wall. McCown (9) also found 
that as abscission proceeds in apple pedi- 
cels the secondary cellulose wall disinte- 
grates. SMITH (12) observed that sweet- 
pea buds and flowers abscised following 
a dissolution of the middle lamellae of 
cells in a preformed abscission layer. 

The time of abscission did not vary 
greatly between the two species. Leaf-fall 
in Q. coccinea began a few days earlier 
than in Q. palustris. In the species 
studied by BERKLEY (1) Q. coccinea was 
found to be the first to shed its marces- 
cent leaves in the spring, and its leaves 
dropped rapidly and uniformly. 


Summary 


1. There is no well-defined separation 
zone at the base of the petiole in either 
Quercus palustris or Q. coccinea. The cells 
of the base appear to be histologically the 
same as those of adjacent tissues. 

2. The processes accompanying abscis- 
sion are found to function within a green- 
ish area of living tissue at the base of the 
petiole of a marcescent leaf; the remain- 
der of the petiole and the blade are dead. 

3. A lignified layer consisting of from 
four to twelve tiers of cells forms in the 
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petiole base. This lignified layer was ob- 
served early in January in Q. coccinea and 
6-7 weeks later in Q. palustris. 

4. The separation layer is located one 
to two cells below the lignified layer and 
includes four to five tiers of cells. 

5. The process of abscission involves 
the separation of some cells along the 
plane of the middle lamellae, while other 
cells separate by a passive breaking of 
the cell walls at right angles to the middle 
lamellae. 

6. No cell division was observed during 
the abscission process. 

7. During the abscission of the last 
leaves to fall the cell walls of the separa- 
tion layer collapse, allowing the petiole 
to separate easily. The first leaves drop 
as a result of mechanical forces, such as 
wind and the weight of the blade and 
petiole. 

8. The greater portion of leaves of both 
Q. palustris and Q. coccinea abscise over 
a relatively short period of time. Leaf-fall 
in Q. coccinea was more rapid and uni- 
form than in Q. palustris. 

g. Crystals of calcium oxalate were 
present in all the material examined. 
These crystals appeared to be distributed 
through all tissues, including those in the 
separation layer. 

ro. A high percentage of the leaves of 
Q. coccinea dropped as a result of the 
breaking of the petiole. Some leaves of 
Q. palustris also fell as a result of broken 
petioles. The petiole stubs dropped when 
the buds swelled. 
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IS THERE A CORRELATION BETWEEN LEAF ARRANGEMENT 
AND THE MANNER OF ONTOGENY OF THE CON- 
DUCTIVE TISSUES OF STEMS?! 


ABEL HEGEDUS 


Introduction 


The problem of the correlation be- 
tween phyllotaxy and the vascular struc- 
ture of the stem is not new; many inves- 
tigators have been concerned with it. The 
thorough researches of LrEsTIBOUDOIS 
(10) and HANSTEIN (4) may be men- 
tioned. Both have suggested an exact re- 
lation between the arrangement of the 
conductive tissues and phyllotaxy, a 
fact well known today to all botanists. 
But neither they nor other workers con- 
cerned with this problem have, until re- 
cently, studied the development of the 
vascular tissues; rather they have based 
their conclusions on the organization of 
mature plants. 

For a long time the writer has been 
concerned with the development of tis- 
sues in dicotyledonous stems. The pro- 
cambium of certain plants with alternate 
phyllotaxy (Lycium and Solanum), which 
I have previously reported on (6), is 
formed in a ring, but this procambial ring 
is wider in the sectors of the leaf primor- 
dia than in the intermediate sections. In 
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these wider portions are developed the 
first vascular elements. The question 
arose as to whether this is true in plants 
with other kinds of leaf arrangement. 

Procambial differentiation in plants 
with § phyllotaxy interested me above 
all. The leaf primordia in these forms de- 
velop singly and alternately on the apical 
meristem in distichous arrangement. I 
had supposed that the radially wider por- 
tions of the procambial ring would be 
found in these two vertical rows or that 
the procambium would appear in strands 
without a continuous ring. Research 
showed that the situation is not necessar- 
ily either of these alternates. Every leaf 
primordium possesses not one but three 
procambial strands. The middle strand 
is located in the stem in the radius of the 
median line of the leaf, and the two later- 
als lie in radii about go° to the right and 
to the left of the median. 

Soon investigators, myself included, 
determined that procambial differentia- 
tion begins simultaneously with the de- 
velopment of the leaf primordium. Thus 
there is an exact correlation between the 
appearance of leaf primordia and the de- 
velopment of conductive tissues. This ap- 
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pears to be verified also by my observa- 
tion that, if one of a pair of opposite leaf 
primordia degenerates, the procambial or 
vascular strand belonging to it becomes 
stunted also. It cannot be determined 
from this whether the degeneration of the 
vascular strand causes that of the leaf pri- 
mordium or vice versa; but in my opinion 
the latter case is the more probable. It is 
easier to suppose that the leaf primor- 
dium is more subject to some harmful ex- 
ternal influence than is the procambial 
strand. This opinion is supported by the 
experiments of Heim (7), who, by re- 
moving young leaf primordia, impeded 
the formation of the typical procambium 
belonging to them. Jost has also shown 
experimentally (8) that secondary thick- 
ening in vascular strands is likewise cor- 
related with the presence or absence of 
leaf primordia. Evidence suggests that 
basipetally moving auxin—possibly an- 
other hormone, too—gives rise to or is in 
some way related to the development of 
the vascular system. 

We thus see that the correlation be- 
tween phyllotaxy and the origin and de- 
velopment of the vascular system is com- 
plicated and involves many unsolved 
problems. The aim of my present inves- 
tigations is to determine whether plants 
with the same phyllotaxy show the same 
ontogeny of the vascular system; and 
whether among those with different 
phyllotaxies there are equivalent differ- 
ences in the development of the vascular 
systems of their stems. 

The present paper reports on a study 
of three plants with $ alternate phyllo- 
taxy, belonging to diverse dicotyledon- 
ous families, namely, Aristolochia clema- 
titis, Vicia faba, and Pelargonium zonale. 
The shoot tips of young plants have been 
examined in a series of longitudinal and 
transverse sections cut in paraffin, and 


the observations have been utilized in in- 
terpreting the structure of older stems. 


Observations 


For the sake of clarity the structure of 
maturing young stems is considered be- 
fore that of the apical regions, for it is 
easier to interpret the structure of the 
apex if one already knows the structure 
of the stem which is to be formed. 

It should be understood that, when 
there is a continuous procambial ring, 
such a ring is not uniform in width or 
homogeneous in structure. It is, at least 
at first, wider and of more meristematic 
character in the sectors conforming to 
the procambial bundles of the leaf pri- 
mordia than elsewhere. 

For convenience in recording results, 
the place of attachment of the smallest 
leaf primordium is considered as node 1, 
the next as node 2, etc., the first inter- 
node below the apex therefore being be- 
tween nodes 1 and 2. In the stem of the 
birthwort, Aristolochia clematitis, at 
about the middle of the seventh to eighth 
internode, the following structure is 
found (fig. 1): there are eleven bundles, 
in each of which the outer and inner parts 
already consist of permanent tissues, 
with the intermediate tangentially wider 
part about to be transformed from a pro- 
cambial zone to a cambial zone. In the 
pericyclic region active divisions may be 
observed; in older stems this region be- 
comes a sclerenchymatous ring. Four of 
the bundles (fig. 2, 8a, 8b) are the 
bundles of the leaf next above the level 
of the section; two (8c) belong to the 
axillary flower primordia; one (7a) is the 
median bundle of the second leaf above 
the section; and the other four are collec- 
tive bundles. The connections of the 
bundles are clear from figure 2, on which 


the level of the transection (fig. 1) is 
marked by A. 



























































Fics. 1-4.—Figs. 1-3, Aristolochia clematitis. Fig. 1, diagrammatic transection of young stem. X 30. 
Fig. 2, scheme showing course of vascular and procambial bundles of stem. Level of fig. 1 marked by A. 
Fig. 3, apical region of stem. A, median longisection SB, transection at level 6. Diagrammatic. X30. Fig. 4, 
Vicia faba. Diagrammatic transection of young stem. <30.fVertical hatching—xylem; stippling—phloem; 
cross hatching—sclerenchyma. fgy, strongly staining ring, ms, median plane; ém, apical meristem; pc, 
pericycle. 
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In the older stem a few additional 
smaller bundles appear. All the bundles, 
however, are completely independent, 
and a continuous interfascicular cambi- 
um does not form. The pericyclic region 
becomes a wide continuous lignified ring. 
In the pith no central lacuna originates. 

The apex is very convex; the leaf pri- 
mordia are located in an alternate ar- 
rangement upon it (fig. 3). The apical 
meristem and the first leaf primordium 
consist of more or less uniformly little 
vacuolated isodiametric meristematic 
cells. Below this primordium a short pro- 
cambial strand is formed. In the axil of 
the second leaf primordium there is al- 
ready present a shoot primordium from 
which flowers will later originate. In the 
second leaf primordium a procambial 
strand exists which may be more easily 
recognized below the primordium. The 
pith meristem becomes gradually more 
vacuolated toward the center, appearing 
poorer in protoplasm. Still lower, the 
pith takes on a more mature form. At the 
same time the cortical meristem becomes 
more vacuolated, losing something of its 
capacity to be stained. Between the cor- 
tical and pith meristems there arises a 
more strongly staining ring, the limit of 
which is not sharp, since its cells in trans- 
verse view do not differ significantly from 
those of the adjacent meristems. In this 
more strongly staining ring the procam- 
bial strands of the second and even the 
first leaf primordium are recognizable. In 
the third leaf primordium three procam- 
bial strands are already developed; in the 
middle one, toward the basal part of the 
primordium, a protoxylem element also 
appears. Downward from the level of the 
fourth leaf primordium the more lightly 
staining regions between the procambial 
strands become more vacuolated and less 
procambial, so that the. procambial 
strands themselves appear more and 
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more characteristic (figs. 5, 6). Below the 
sixth leaf primordium the procambial 
strands of the axillary primordia may be 
followed independently in the stem 
(fig. 2). 

On the four-angled stem of the broad- 
bean, Vicia faba, the leaves with large 
persistent stipules have an alternate dis- 
tichous arrangement. The structure of 
the stem with differentiated tissues is 
shown diagrammatically (fig. 4). The 
bundles marked a diverge into the leaf 
immediately above, those marked b into 
the second one upward. The other small- 
er bundles connect with higher leaves. 
The two lateral bundles which diverge to 
each leaf do not fit in the ring of the 
bundles in the internode just below the 
leaf but are located in the cortex of the 
ribs of the stem. In the cortex also two 
small sclerenchymatous bundles occur, 
each on the same general radius as a 
median bundle. The middle part of the 
pith is occupied by a large rhexigenous 
cavity. The vascular bundles are quite 
independent, but an interfascicular cam- 
bium is also formed. 

The apical region in the young plant 
with two to three leaves was already pro- 
ducing flower primordia, so that observa- 
tion of procambial differentiation from 
the very beginning was impossible. The 
procambial strands of the flower primor- 
dia occur in a ring within which the indi- 
vidual bundles may often be recognized 
(fig. 7) by their greater radial width. 
From each leaf primordium five bundles 
enter the stem, of which the three middle 
ones form the median bundle; the two 
laterals, however, as indicated above, do 
not enter immediately into the ring of 
bundles; rather they are found in the 
ring only at the level of the next subja- 
cent node. Below the level of the base of 
the third leaf primordium the procambial 
ring can be more readily recognized as 











ie 








Fics. 5-10.—Fig. 5, Aristolochia. Transection of apex at level just below fourth leaf primordium. Inde- 
pendent procambial strands. X92. Fig. 6, same with stronger magnification. In middle bundle there appears 
first protoxylem element. 184. Fig. 7, Vicia. Transection of apex at level of first leaf primordium. Some- 
what discontinuous procambial ring may be seen. X92. Fig. 8, Vicia. Transection at level below third leaf 
primordium. Vascular bundles are connected by more or less procambial tissue. In ridges may be seen two 
lateral bundles. X46. Fig. 9, Pelargonium. Transection of apex at about level of third leaf primordium. Con- 
tinuous procambial ring. X92. Fig. 10, Pelargonium. Transection of young stem at beginning of secondary 
thickening. X92. 
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constituted of bundles (fig. 8). The first 
differentiated vascular elements may be 
found in the procambial strands belong- 
ing to the fifth leaf primordium. Between 
the bundles there remain one or two rows 
of small cells, from which the interfascic- 
ular cambium forms later. The interfas- 
cicular cambium produces in some places 
new vascular bundles, in other places 
only parenchymatous tissue. This paren- 
chyma later lignifies as does the remain- 
ing part of the pith. The extent of this 
lignification, however, decreases gradual- 
ly from the interfascicular cambium to 
the center. 

The structure of young stems of Medi- 
cago sativa and Pisum sativum, belonging 
to the same subfamily as Vicia (Papili- 
onatae), is very similar to that of Vicia 
(5). It may be supposed that procambial 
differentiation occurs in the same man- 
ner. The bundles of Medicago are con- 
nected in the late stages by lignified 
parenchyma; those of Piswm remain in- 
dependent. 

Independent bundles are found in the 
young stem of the geranium, Pelargoni- 
um zonale; between them a wide inter- 
fascicular cambium is developed which 
produces interfascicular rays and small 
vascular bundles in alternating radii. 
First the interfascicular cambium pro- 
duces vascular elements of phloem only; 
later it produces xylem as well. The cells 
of the interfascicular rays lignify too. 
Thus there is formed a secondary con- 
tinuous lignified ring. Three layers may 
be distinguished in the primary cortex: 
the superficial layer is a thin chloren- 
chyma with mucilaginous cavities, the 
intermediate layer becomes a wider band 
of collenchyma, and the innermost layer 
forms a thinner parenchyma. 

In the apical region it is peculiar that 
the protoplasm of the meristematic cells 
does not stain densely with the ordinary 
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plasma stains—as though these cells were 
mature. At the first node the cells of the 
pith are already recognizable as more 
vacuolated than all others in the apex. 
At the level of the second node there ap- 
pears a definite meristematic ring, from 
which the vascular tissues will later be 
formed (fig. 9). It is evident, from corre- 
lation of transections and longisections, 
that it is a continuous procambial ring. 
At about the level of the third leaf pri- 
mordium there may be distinguished cer- 
tain thicker parts in the positions of the 
later-formed vascular bundles. From the 
third primordium downward every pri- 
mordium has three recognizable bundles, 
the middle one of which enters the ring of 
bundles in the median line, and the two 
laterals about one-third of the circumfer- 
ence or 120° from it. During the further 
development of the procambium the arcs 
lying between the primary vascular 
bundles become transformed into an in- 
terfascicular cambium (fig. 10). This 
cambium afterward cuts off, as already 
mentioned, small secondary bundles, 
separated from neighboring bundles by 
primary interfascicular rays, each a few 
cells wide. 


Discussion 


From a comparison of the results of 
research on the three plants we may con- 
clude that the vascular systems form 
somewhat differently. In the apical re- 
gion of Aristolochia independent procam- 
bial strands are formed, and, in confor- 
mity with this, later the vascular system 
is in bundles too. No interfascicular cam- 
bium develops. The procambium of Vicia 
constitutes more or less a ring, but only 
parts of this ring become vascular 
strands. The procambium lying between 
becomes cambium, which, however, cuts 
off only ground tissue, and possibly cer- 
tain independent, later-formed vascular 
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bundles. The procambium of Pelargoni- 
um also forms in a ring, but the primary 
vascular tissue forms in bundles and the 
procambium lying between them is 
transformed into an interfascicular cam- 
bium. This latter, differing from that of 
Vicia, gives rise to vascular tissue, so 
originating a continuous secondary vas- 
cular ring. 

It is interesting to compare the devel- 
opment of the vascular system of these 
three plants with that of others. The de- 
velopment of the vascular system of 
Aristolochia sipho (12), which also has a 
3 alternate phyllotaxy, is in outline simi- 
lar to that of the birthwort reported on 
here, with the difference, however, that 
SARKANY found that a continuous inter- 
fascicular cambium is formed. From the 
procambial ring of Solanum dulcamara 
(6), with = alternate phyllotaxy, inde- 
pendent primary vascular bundles are 
formed, after which the procambial arcs 
lying between them are transformed into 
arcs of interfascicular cambium, so pro- 
ducing a continuous vascular ring. Thus 
its ontogeny is substantially similar to 
that of Pelargonium. From the continuous 
procambial ring of Lycium halimifolium 
(6) with 3 phyllotaxy on the main shoots 
and = on the lateral branches and that of 
Centaurium umbellatum (3) with decus- 
sate phyllotaxy, there forms at once a 
continuous vascular ring, so that devel- 
opment in these species differs from that 
of all three plants considered in this pa- 
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per. From the independent procambial 
strands of Ricinus communis (11) with 
= alternate phyllotaxy, and those of 
Bidens tripartitus (1, 2) with decus- 
sate phyllotaxy, independent vascular 
bundles form, but later, as a consequence 
of the activity of the interfascicular cam- 
bium, a continuous vascular ring is de- 
veloped. 
A separation of these types follows: 


DEVELOPMENT OF VASCULAR TISSUES 
OF STEMS 


From procambial strands 
Independent bundles 
with interfascicular cambium, Aristolochia 
sipho (3) 
with no interfascicular cambium, Aristo- 
lochia clematitis (4) 
Secondary continuous vascular ring, Ricinus 
(2), Bidens 
From a procambial ring 
Primary independent bundles 
Independent bundles, Vicia (3) 
Secondary continuous vascular ring, Pelar- 
gonium (3), Solanum (2) 
Primary continuous vascular ring, Centauri- 
um, Lycium (#2, 3) 


From a comparison of the results of 
the present investigation with others, it 
is concluded that the course of develop- 
ment of the vascular system of stems 
does not depend alone on the pattern of 
phyllotaxy. It is also clear that, in con- 
trast to the opinion of KostyTscHEWw (9), 
there is no necessary relation between the 
manner of procambial differentiation and 
that of secondary thickening. 
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SOME HISTOLOGICAL EFFECTS OF CARBON 14 ON THE 
LEAVES OF CERTAIN MEDICINAL PLANTS! 
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J. M. BEAL 


So far no published report dealing with 
the histological effects of carbon 14 on 
the leaves of the higher plants has been 
found. The writer, therefore, welcomed 
the opportunity to study leaves collected 
by GEILING ef al. (1) during the course of 
their experiments using carbon 14 in the 
biosynthesis of radioactive drugs. They 
kindly collected samples from all the 
groups of experimental plants, fixed them 
in Navashin’s solution, and turned them 
over to me for the present study. Their 
plants were grown from seed in the bota- 
ny greenhouses and transplanted to pots 
containing soil, sand, or mica. They were 
supplied with inorganic nutrient solution 
containing calcium nitrate (0.1%), mag- 
nesium sulfate (0.06%), potassium ni- 
trate (0.05%), potassium acid phosphate 
(0.04%), ammonium sulfate (0.01%), 
and smaller quantities of other salts 
needed in trace amounts. 

When the young plants had recovered 
from the shock of transplanting and had 


1 This work was supported in part by a grant 
from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University 6f Chicago. 


resumed active growth, most of the ex- 
perimental lots were sealed in a closed 
system consisting of two large battery 
jars placed with their open ends in appo- 
sition. The inclosed volume was approxi- 
mately 22 liters. Holes were drilled 
through the walls of the jars to permit 
the introduction of nutrient solution and 
of radioactive carbon dioxide, for the at- 
tachment of a water manometer to deter- 
mine the efficiency of the sealing, and for 
drainage. Light was provided by three 
40-watt fluorescent tubes placed about 
24 inches above the plants. . 
Following fixation, the leaf samples 
were handled according to the tertiary 
butyl alcohol method, sectioned at roy, 
and stained with a modified triple stain. 
The photomicrographs of the leaf sec- 
tions are all at the same magnification. 


Observations 


Although studies have been made of 
sections from leaves of Digitalis pur- 
purea, D. lanata, Papaver somniferum, 
Nicotiana rustica, and Atropa belladonna, 
only photomicrographs from Digitalis 
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purpurea and D. lanata are used as illus- 
trations, since the effects of C™ on the 
other leaves is so similar. 

A section of a nearly mature leaf from 
a control plant of D. purpurea main- 
tained in the greenhouse shows cells with 
turgid cytoplasm and numerous clearly 
defined chloroplasts (fig. 14). Differenti- 
ation of the palisade and spongy meso- 
phyll has been completed, with promi- 
nent intercellular spaces present. Figures 
1B and 1C are from a plant which was 
sealed in the chamber on June 1 and ex- 
posed to 100 uc of CO, on each of the 
following dates: June 1, 3, 5, and 8—a 
total of 400 uc. On each of these same 
days 1 mM of CO, was introduced into 
the chamber, with an additional mM of 
CO, added on June 14, 17, 22, and 26. 
Nutrient was supplied on June 1, 7, 12, 
17, and 26. The plant was removed from 
the chamber on June 28 and the leaf 
samples then immediately fixed. Figure 
1B is from a leaf which had expanded 
while the experiment was in progress but 
had not become fully matured. Many of 
its cells show shrunken protoplasts. The 
plastids, although numerous, are smaller 
than in the control. Few and small inter- 
cellular spaces have formed. Figure 1C is 
from an older leaf which was almost fully 
expanded when the plant was placed in 
the chamber. At the termination of the 
experiment some of the older leaves on 
this plant were ‘“‘droopy”’ and showed a 
superficial growth of mold. The fungus 
appeared not to penetrate the leaf, how- 
ever, since no hyphae have been ob- 
served in the tissues. Much degeneration 
of plastids appears to have occurred, but 
comparatively little shrinkage of proto- 
plasts is evident. Intercellular spaces 
are smaller in size and fewer in number 
than in the control. In a few areas groups 
of cells had died. 

In a second experiment a plant of D. 


purpurea was exposed to a total of goo uc 
of CO, and 9 mM of CO., supplied on 
the same days beginning on June 1 and 
extending through June 29—100 uc of 
CO, and 1 mM of CO, at intervals of 
2-6 days. Nutrient solution was also sup- 
plied at intervals of 5-9 days, as needed. 
On June 29 six of the lower (older) leaves 
began to show black discoloration along 
the centers on both sides of the midribs. 
When the chamber was opened on July 2, 
these leaves showed fairly large, almost 
black areas along their centers; these 
were more conspicuous on the upper sur- 
faces than on the lower. The younger or 
center leaves appeared normal in all re- 
spects. Sections of the older leaves (fig. 
1D) show poorly developed upper epider- 
mis, scarcely no differentiated palisade 
parenchyma, and essentially no intercel- 
lular spaces. Plastids are smaller and 
fewer in number than in control leaves. 
A section of one of the younger leaves 
(fig. 1£) shows a similar histological ap- 
pearance, but with somewhat less injury 
evident than in the older leaves. 

In a third experiment a plant of D. 
purpurea was inclosed in a separate 
chamber on June 1, furnished with nutri- 
ent solution and CO, in the same 
amounts and on the same days as was the 
preceding plant but was not exposed to 
C4O,; otherwise its environmental condi- 
tions were as closely similar to those of 
the preceding plant as it was possible to 
make them. About a third of the older 
leaves became blackened along the mid- 
ribs, indicating that a part of this effect 
resulted from the general conditions in 
the chambers in which the plants were 
grown. A section of one of the older 
leaves from this control (fig. 1) is simi- 
lar in appearance to figure 1C, which is 
from an older leaf of the plant which was 
exposed to 300 uc of CO,. It shows little 
development of intercellular space, and 
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Fic. 1.—Transéctions of leaves of D. purpurea. A, contro] from nearly mature leaf of plant in green- 
house. B, young leaf from plant exposed to 400 uc of C'40,. C, older leaf from same plant as B. D, older leaf 
from plant supplied with goo ue of C402. E, young leaf from same plant as D. F, leaf from control plant kept 
in chamber for 29 days without C™Oz. 
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Fic. 2.—Transections of leaves of D. lanata. A, control from nearly mature leaf of plant in greenhouse. 
B, nearly mature leaf from plant exposed to 1400 uc of CO;. C, nearly mature leaf from plant kept in 
f chamber for same length of time as B, but without C™O,. 
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its plastids are small, but the cytoplasm 
is not shrunken. A few groups of spongy 
mesophyll cells had died. 

On August 29 eight plants of D. lanata 
were sealed in a large glass terrarium 
whose volume was approximately 27,000 
cu. in. A total of 1400 we of CO, was 
supplied in too we doses during a period 
of 33 days. Nutrient solution was applied 
as needed, and the plants were illuminat- 
ed with two fluorescent lamp units of 
three 40-watt daylight tubes for 12 hours 
each day. A small electric motor was used 
to circulate the air about the plants. The 
condition of these plants appeared to be 
good after 33 days. 

A section of a leaf from a control plant 
which was kept in the greenhouse and 
not placed in a closed chamber is shown 
in figure 2A. Upper and lower epidermis 
are normal, palisade and spongy paren- 
chyma are well differentiated, the proto- 
plasts are turgid, and chloroplasts are 
clearly evident and numerous. The gen- 
eral appearance of this leaf section is 
similar to that of figure 1A. A section 
from a leaf of the treated plant, taken at 
the time the plant was removed from the 
chamber, shows a much distorted upper 
epidermis, poorly defined palisade and 
spongy parenchyma, and essentially no 
intercellular spaces (fig. 2B). Numerous 
groups of cells were dead or dying. 

Figure 2C is from a control plant 


which was given the same treatment as 
that from which figure 2B was taken, ex- 
cept for the absence of C™O,. Its tissues 
in general are well differentiated, inter- 
cellular spaces are present, and plastids 
are clearly distinct and numerous. The 
general appearance of the section is more 
like that of the control (fig. 2A) than of 
the section supplied with C'™ (fig. 2B). 
Similar differences were observed in 
the leaves of all the other experimental 
plants. Although some modifications in 
structure of the leaves apparently result- 
ed from the prolonged confinement in the 
chambers, the most pronounced modifi- 
cations were evident in the leaves sup- 
plied with C'™. Although the dosage em- 
ployed was not lethal in any of the ex- 
periments, there nevertheless appears to 
be no doubt that C'™ does affect the 
protoplasm with which it comes in con- 
tact, and that alterations are brought 
about in the pattern of tissue differentia- 
tion in the leaves. The various dosages 
employed, however, show relatively little 
difference in the reactions produced. 
Additional observations are planned 
on the plant materials which GEILING 
and his colleagues are using in a continu- 
ation of their studies on radioactive 
drugs using C'4. If the results appear to 
justify it, a further report will be made. 
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SOME PH CHANGES IN NUTRIENT SOLUTIONS 


EMIL F. VACIN AND F. W. WENT 


Introduction 


In the course of an investigation con- 
cerning the growth factors involved in 
germination of orchid seed and seedling 
growth, several factors were encountered 
which caused fluctuations in the pH 
value of the culture medium. Since the 
changes in pH value were greater than 
permissible for optimum growth, their 
source and correction were studied. 

Generally the nutrient solution C of 
Knudson (2) is used in germinating 
orchid seeds asymbiotically. 


SOLUTION C 


Ca(NO,)2.°4H.O . I.occ gm. 
(NH,).SO, 0.500 gm. 
MgSO,°7H.O 0.25¢ gm. 
FeSO,°7H.0O...... 0.025 gm. 
[os AY: 2S See ©.0075 gm. 
EOS od eee 0.250 gm. 
MURPIE bc. Siaeeakdwalestes 20.0 gm. 
|... | Ee eee ee ee 18.0 gm. 
Distilled H,O .. 1C00.0 ml. 


Germination and growth of seedlings 
continues, under sterile conditions, from 
6 to 18 months before the seedlings can 
be transplanted safely to the more rigor- 
ous atmosphere of the greenhouse. For an 
optimum development of seedlings the 
nutrient solution should have a sufficient 
quantity of the necessary elements acces- 
sible for each successive growth period. 
The availability to a plant of any par- 
ticular chemical in a nutrient solution is 
determined by a critical pH range, as 
shown by ARNON and JOHNSON (1). 
WENT (3), working with tomato plants, 
found that under certain conditions the 
critical range may be wide but that un- 


der others it is necessary to maintain a 
narrower pH range. Since solution C is 
not renewed during the entire period of 
growth of orchid seedlings, it is funda- 
mentally important that the critical pH 
range should not be disturbed significant- 
ly by the absorption of chemicals from 
the solution, by the products of growth, 
and by external mold or bacterial condi- 
tions. 

KNUDSON (2) as well as commercial 
growers expressed the opinion that the 
critical pH range of the solution was be- 
tween pH 4.5 and 5.5 for satisfactory 
germination. This range for good growth 
is shown in figure 1. 

Immediately the question arises: What 
is the buffering range of solution C? Since 
no published data were available, a buffer 
curve was prepared and is included in 
figure 1. This curve definitely shows a 
weak buffering action in the optional ger- 
mination and growth range of pH 4.5- 
5.5. Therefore, it is unlikely that the nu- 
trient solution would remain within the 
optimum pH range during the germina- 
tion and growth period of 18 months. 
Based on these initial observations the 
following experiments were preformed to 
determine some of the pH changes that 
might significantly affect asymbiotic ger- 
mination and growth of orchid seeds. 


Procedures and results 
CHANGES IN PH OF NUTRIENT SOLUTION 
C WITH GERMINATION AND GROWTH 
OF SEEDLINGS 

Solution C was prepared without agar 
by dissolving each chemical separately in 
distilled water. Immediately after mixing 
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the pH value was 4.92 at 25°C. At the 
end of 1 hour and 23 minutes it had 
changed to 4.74, and at the end of 3 
hours and 13 minutes to 4.52. After the 
agar was added and dissolved completely 
by heating, the pH value was adjusted to 
5.62 at 40° C. A Beckman Electrometric 
pH meter was used in making the meas- 
urements to an accuracy of +0.02 pH, 
and sufficient time was always allowed 
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After autoclaving the solution had a pH 
value of 5.46 at 40° C. 

The twenty flasks were divided into 
two groups. No plantings were made in 
one group. The flasks in the other group 
were planted with seeds of Epidendrum 
o’brienianum, which had been sterilized 
in a solution of calcium hypochlorite 
made up of 70 ml. of distilled water and 5 
gm. of commercial chlorinated lime. This 
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-Buffer curves for solution C with 0.025% and 0.690 KH,PO, and maximum and minimum pH 
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limits for good germination of orchid seeds and growth of seedlings. 


for the electrodes to reach the tempera- 
ture at which the measurements were 
being made. Solutions while being tested 
were under constant agitation. 

Solution C was divided among twenty 
500-ml. Erlenmeyer Pyrex flasks, 150 ml. 
per flask. The flasks were closed tightly 
with cotton plugs. They had been care- 
fully washed in acid, rinsed thoroughly 
with warm water, and finally rinsed with 
distilled water, thus removing all traces 
of acid and alkali. All flasks in any single 
experiment were autoclaved<at one time 
at a pressure of 15 pounds for 15 minutes. 


solution was shaken for a few minutes 
and then filtered. The resultant clear so- 
lution was used for sterilizing the seeds. 
At the end of 5 minutes the sterilizing so- 
lution was removed, and the seeds were 
washed in sterile water for 15 minutes. 
Seeds were planted with a sterile loop. 
All twenty flasks were placed in a special 
incubator with automatic temperature 
controls; night at 22° C. and day at 27°C. 
A small blower slowly moved the air to 
maintain uniform temperature through- 
out the incubator. Light intensity on 
cloudy days was approximately 150 foot- 
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candles and on sunny days 500 foot- 
candles. 

Periodically one flask each from each 
group was opened, and the germinating 
seeds and seedlings were removed care- 
fully from the agar. The agar was then 
heated until thoroughly dissolved, and 
pH measurements were made at 40° C. 
At the end of 190 days the pH value of 
the agar on which the seedlings were 
grown had changed from 5.46 to 3.78. In 
the next 87 days it dropped to 3.12, a 
total change of 2.34 pH units. The pH 
value of the agar on which no plantings 
were made changed only slightly, from 
the original pH value of 5.46 to 5.23 at 
the end of 277 days (fig. 2). 

This exploratory experiment showed 
several significant changes in the pH 
value of solution C which resulted from 
(a) standing at room temperature, (6) 
autoclaving, and (c) germination of seeds 
and growth of seedlings. 


CHANGES IN PH RESULTING FROM 
AUTOCLAVING 


SOLUTION C WITHOUT AGAR.—It was 
apparent from the previous experiment 
that it would be advisable to compensate 
for the changes in pH value resulting 
from growth of seedlings. Only sterile 
nutrient solutions can be injected into 
the sterile germinating flasks. Steriliza- 
tion could be accomplished by heat or by 
a Seitz filter. The latter method was dis- 
carded owing to erratic pH changes upon 
filtering. In filtering, solution C without 
agar was prepared and divided into five 
flasks, 40 ml. per flask. In the first 40 ml. 
filtered the pH value was changed from 
4.92 to 6.51. Without changing the filter 
disk, the remaining four flasks were fil- 
tered, and the pH values were measured 
before and after filtering. The solutions 
used had been freshly prepared and were 


not contaminated with mold or bacteria. 
Results are shown in figure 3. 

In sterilization by autoclaving 1 liter 
of solution C without agar was divided 
among ten 250-ml. Erlenmeyer flasks. 
The solutions in the flasks were adjusted 
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Fic. 2.—pH changes resulting from germination 
and growth of seedlings of Epidendrum o’brienianum 
on solution C. 
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Fic. 3.—pH changes resulting from filtering solu 
tion C with Seitz filter in 40-ml. batches. 


with either hydrochloric acid or potas- 
sium hydroxide to cover the pH range 
3-9. The flasks were then closed tightly 
with cotton plugs and autoclaved simul- 
taneously at a pressure of 15 pounds for 
15 minutes. The changes in pH value re- 
sulting from autoclaving are shown in 
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figure 4, curve 2. Two significant maxima 
of change occur, one between pH 3 and 6, 
the other between pH 6 and 9g. These re- 
sults were reproduced many times, and 
every time the two maximal deviations 
at pH 5.5 and 8.0 were found. 

Tests were made to determine if un- 
sterilized solution C left standing would 
undergo pH changes similar to those 
caused by autoclaving. One liter of un- 
sterilized solution C without agar was 
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Fic. 4.—pH changes in solution C without agar 
resulting from (7) standing unsterilized at 5° C. for 
autoclaving solution C with 0.025% 
and (3) autoclaving solution C with 0.06% 
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Fic. 5.—pH changes in (1) solution C, 0.025% 
KH.2PO, and without agar, when autoclaved; (2) 
solution C when agar was added and pH measure- 
ments made at 40° C.; and (3) solution C with agar 
when autoclaved. 
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divided among ten 250-ml. Erlenmeyer 
flasks, closed tightly with cotton plugs. 
The solutions in the flasks were adjusted 
to cover the pH range 3-9. The flasks 
were left in a cold room at 5° C. for 96 
hours, with no mold appearing. The re- 
sults of pH measurements are shown in 
figure 4 (curve 1), showing a gradual 
change toward the acid side. Mold first 
began to appear after approximately 120 
hours. Comparison of the data for the 
96-hour standing test (curve 1) and of 
the effects resulting from autoclaving 
(curve 2) indicates their similarity, auto- 
claving producing the changes more 
rapidly. 

SOLUTION C WITH AGAR.—Solution C 
without agar was prepared, testing pH 
4.91 immediately after mixing. Ten flasks 
were adjusted to cover the pH range 3-9. 
After these adjustments agar was added 
and dissolved completely by heating, and 
pH measurements made at 40°C. Re- 
sults are shown in figure 5, curve 2. The 
flasks were then readjusted to their origi- 
nal pH value before the agar had been 
added, after which they were autoclaved 
and pH measurements made. Results are 
shown in figure 5, curve 3. Curve 7 was 
added to show the pH changes resulting 
from autoclaving solution C without 
agar. 

SOLUTION C BUFFERED WITH 0.6% 
KH,PO,.—The buffering action of solu- 
tion C without agar was increased by 
using 0.6% KH,PO, instead of 0.025%. 
This concentration of phosphate is near 
the maximum level tolerated by the 
seedlings. The effect of the increased buf- 
fering action is shown in figure 1. The 
buffering effect within the good growth 
limits of pH 4.5-5.5 is approximately 
four and one-half times as great with the 
added buffer as before. The pH changes 
resulting from autoclaving are shown in 
figure 4, curve 3. In the pH range 3-6 the 
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changes are approximately the same, ir- 
respective of buffer concentration, but 
for the range pH 6-9 autoclaving pro- 
duced smaller changes in the solution 


distilled water and each chemical in the 
same percentage as used in solution C, 
and each solution was buffered with 


TABLE 1 
with 0.6% KH,PO, than in the one more — 
weakly buffered. Upon autoclaving a ditt 
>mperé e , 
white precipitate was formed, which was ec = ” = 
more abundant above pH 6. In the range - nee y “2 ay 
ss : zs 3 “3 
pH 6-9 the precipitate was greater in the 35 3.90 4. 39 6.72 
more strongly buffered solution. 3° 3 i" . pig 
- 25 3. ( 43 ». OF 
VARIATIONS IN PH VALUE RESULTING 20 3.91 4.45 6.90 
. 12 2.92 7 6 bal 
FROM TEMPERATURE CHANGES.—Solution 13 Po a aa 
‘ 5 ‘ = 
C without agar was heated slowly, and - 
TABLE 2 
EFFECT OF AUTOCLAVING ON PH VALUES OF SOLUTIONS 
. SOLUTIONS ADJUSTED BEFORE AUTOCLAVING TO PH VALUE OF 
SOLUTIONS 
H,0+ 0.025% KH:,PO, 
ADDED TO 
°) ° } ° 6 7 Ss € 
(NH,).SO, —0.02} —0.04) —0.10| —o0.18 —o0.21 0.21; —0.21 0.27 0.63) —0.79 
MgSO,-7H.0O ° 0} +0.08! +0.08) +0.01 ° ° fe) 0.10 0.67 
MnSO,-4H,.O 0.01; +0.14) +0.02) +0.19, +0.14 0} +0.01 0.01 0. 27 0.88 
Sucrose c O° Go —-6.Gy —d. id 0.cd|; —0.035 0.14 0.49 I.32 
FeSO,-7H.O +0.02) —0.21|) —0.50) —o0.85| —o0.08 0.08 0} —0.01 0.30) —1.09 
Ca(NO,)2*4H.O 0.01 +0.04 +0.03) +0.10 0} —0.92) —1.24| —1.69| —2.30| —3.06 
Solution C —0.01) —0.22| —0.54| —0.92| —1.15| —0.53| —1.44] —1.71] —1.99] —0.60 


pH measurements were taken at different 
temperatures. Table 1 gives the results. 
The differences are not significant. It can 
be assumed that, when solution C with- 
out agar is tested for pH value, the tem- 
perature factor does not produce sig- 
nificant variations. No appreciable varia- 
tions resulting from temperature change 
were observed when this experiment was 
repeated using solution C containing 
agar in a temperature range of 30°—-40° C. 


INVESTIGATION OF EACH CHEMICAL 
OF SOLUTION C 


Two different factors may be respon- 
sible for the change in pH value after 
autoclaving solution C in the pH ranges 
of 3-6 and 6-9 as shown in figure 4, curve 
2. Special solutions were prepared, using 


0.025% KH.,PO,. The following is the 
composition of one of the special solu- 
tions: 


Ca(NO,)."4H.O 


1: A.) 
Distilled HO... 


Bena bi 1.000 gm. 
0.025 gm. 


1000.0 mil. 


After each of these solutions was 
adjusted to a range of pH values 
(table 2), each was autoclaved. For 
solutions of (NH,).SO,, MgSO, + 7H.0, 
MnSo, - 4H.O, and sucrose, autoclav- 
ing produced very small changes in 
pH value. However, for FeSO, - 7H.O 
solution originally adjusted to pH 3 to 6, 
autoclaving produced changes compara- 
ble to those produced in the complete 
solution C, and only very small changes 
when the original values were pH 6 to 8. 
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In Ca(NO,). + 4H.O solution originally 
at pH 3-6 very small changes occurred, 
but, when the original values were in the 
range pH 6-9, the changes were com- 
parable to those in the complete solution 
C. All solutions originally at pH 9 showed 
significant changes after autoclaving. 
These data suggest an explanation for 
the two-maximal deviation curve found 
in the change of the pH value of solution 
C resulting from autoclaving, when 
plotted as a function of the original pH 
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Fic. 6.—pH changes resulting from autoclaving 
(1) solution C without agar; (2) solution C when 
FeSO, is replaced by Fe.(C,H,0¢)3; (3) solution C 
when Ca(NO;). is replaced with Ca;(PO,), and 
KNO;; and (4) solution 5. 


value. Whereas at pH 3, 4, 4.5, 6, and 9 
the medium became only slightly more 
acid after autoclaving, at pH 5.5, 7, and 8 
the acidity increased more than one pH 
unit. This two-maximal deviation curve 
was found in every experiment, indicat- 
ing that in the two maximal ranges either 
a complex cation formation occurs, thus 
reducing the ionization and thereby low- 
ering the pH value, or a precipitate is 
formed of a strong cation with a rather 
weak anion. The former explanation 
seems to hold in the case of the depres- 
sion at pH 5.5, where the presence of 
ferrous sulfate apparently“ causes this 
drop. For (a), when solution C is origi- 
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nally acid, no precipitate forms after 
autoclaving, and (), as shown later, 
when complex iron salts are substituted 
for ferrous sulfate, there is no appreciable 
change in pH value resulting from auto- 
claving. The complex iron phosphates 
which are presumably formed when the 
original solution C is autoclaved seem to 
be much less effective for the growth of 
the plant than other complex iron salts. 
This is indicated by the small amounts of 
iron citrate or iron tartrate needed to 
prevent iron chlorosis, when compared 
with ferrous sulfate. In KNupson’s solu- 
tion C, the iron sulfate should be replaced 
by one of the organic iron salts. 

At the original pH 7 and 8 the drop in 
value after autoclaving is connected with 
the formation of a flocculose precipitate, 
apparently of calcium phosphate. Since 
such high pH values are not within the 
optimal growing range of orchid seed- 
lings, no corrective measures are neces- 
sary, although some attempts have been 
made to discover them. 


A NUTRIENT SOLUTION NOT AFFECTED 
BY AUTOCLAVING 


It has been shown above that the iron 
and calcium compounds of solution C are 
altered sufficiently during autoclaving to 
affect the pH value of the solution over 
the entire original range of pH 3-9. This 
undesirable effect was overcome by sub- 
stituting other iron and calcium com- 
pounds, as shown by the following data. 

IRON coMPOUNDS.—A number of iron 
compounds were employed to replace 
FeSO, - 7H.0 in solution C. Special iron 
solutions were prepared (table 3). In each 
instance the same millimole concentra- 
tion of iron was maintained as in the 
original solution C. 

From the data of table 3 it may be 
seen that solutions of ferrous phosphate, 
ferric ammonium sulfate, ferric citrate, 
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and ferric tartrate showed no significant 
pH changes resulting from autoclaving. 
When 0.025 gm. of ferrous sulfate is re- 
placed by 0.028 gm. of ferric tartrate in 
solution C, the millimole concentration 
of iron is approximately the same, thus 
still maintaining the desirable ratio of 
3:1 of iron to manganese. When this sub- 
stitution was made in solution C, no sig- 
nificant variations in pH value resulting 
from autoclaving were observed in the 
original pH range 3-6 (fig. 6, curve 2). 

CALCIUM COMPOUNDS.—Since in solu- 
tion C the effect of autoclaving on cal- 


substituted in solution C. The variations 
in pH value resulting from autoclaving 
when the above changes in solution C 
were made are shown in figure 6, curve 3. 
The changes in pH value in the original 
range of pH 6-9 were reduced substan- 
tially. In the original range of pH 3-6, 
however, a significant change occurred as 
compared with solution C, the pH value 
rising after autoclaving instead of drop- 
ping. How this change in calcium source 
will affect the availability of iron to the 
growing seedlings is now being investi- 
gated. 


TABLE 3 
PH CHANGES RESULTING FROM AUTOCLAVING WHEN DIFFERENT IRON 


SOLUTIONS 
HO: +0.025°% KH,PO, a a 


ADDED TO 


3.0 4.0 4-5 | 5.0 
FeSO,: 7H.0 +0.02} —0o.21| —o.50| —o 
FePO,:4H.O 0} +0.04 o}| —o 
FeNH,(SO,)2- 12H.O ©} —0.03| —o.10/ —o 
FeCsH,;0,: 3H,0 —0.03) +0.01 0} +0 


Fe,(C,H,Os);- 2H.0 . +o0.01, +0.02) +0.07; +o 


cium nitrate is apparently responsible for 
the pH variations in the original range of 
pH 6-9—as indicated in table 2 as com- 
pared with figure 4, curve 2—other cal- 
clum compounds were considered. Ter- 
tiary orthophosphate of calcium was 
used instead of calcium nitrate. The solu- 
bility of this compound at 25° C. is 0.02 
gm. per 100 ml. of water. This should 
supply the necessary amount of calcium 
that should be available readily to the 
growing seedlings. To maintain approxi- 
mately the same millimole concentration 
of nitrate provided by calcium nitrate in 
solution C, potassium nitrate was used. 
The ratio of potassium to calcium was 
adjusted to 5:1. Instead of using 1 gm. of 
calcium nitrate per liter, 0.200 gm. of 
Ca,(PO,), and 0.525 gm. of KNO, were 


STED BEFORE AUTOCLAVING TO PH VALUE OF 


5.5 6.0 6.5 7.0 8.0 9.0 

85; —0.c8} —o.08 Oo] —0.01| —0.30) —1.09 
02 0] —0.05| —0.09] —0.04) —0. 46] —1.26 
21; —.024| —O.11| —0.09} —0.08] —0.38) —o.13 
og) +0.02) +0.01 ©} —0.05) —0.31| —0.98 
19} —0.08} —0.10) —0.10; —0.10; —0.32| —2.04 


PROPOSED NUTRIENT SOLUTION 5. 
Based on the information obtained from 
the above experiments, a new solution 
known as solution 5 was prepared. 


SOLUTION 5 


CHLPO Desai. te 0.200 gm. 
1, 2) ree ae 0.525 gm. 
[2 1) Se a 0.250 gm. 
Masui FEO «oc. cc ess 0.250 gm. 
1) 2 | es ©.50c gm. 
Fe,(C,H,Oc);°2H.0..... 0.028 gm. 
MnSO,°4H.O........ ©.0075 gm. 
DHIGEOSE on ue ee os a 20.00 gm. 
Distilled H,O ......... 1eco.00-~=o mil. 
Agar (flake)......... és 16.00 gm. 


The changes in pH values resulting from 
autoclaving this solution are shown in 
figure 6, curve 4. These differences are 
smaller than those for solution C. Fur- 
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ther studies of solution 5 are continuing, 
especially in relation to the germination of 
orchid seeds and the growth of seedlings. 


CHANGES IN PH VALUE RESULTING FROM 
ADDITION OF AMINO ACIDS 
TO SOLUTION C 
When any one of several amino acids 
in a concentration of 0.05% was added 
to solution C, to which had been added 
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glutamic acid was added, the value 
dropped 1.50 pH units; for cysteine, 
2.00; and for aspartic acid, 1.42. If these 
solutions are not then readjusted to the 
original pH 6, the rate of growth follow- 
ing may be significantly affected. Such 
solutions would drop in pH value as 
growth continued and thus reach more 
quickly the limits where they could no 
longer efficiently support growth. Since 


TABLE 4 


PH CHANGES RESULTING FROM ADDITION OF 0.05% AMINO ACIDS TO SOLU- 
TION C CONTAINING 0.05 P.P.M. OF FOLIC ACID AND 0.5 P.P.M. THIAMIN 


Solutions 


Solution C ane 
Solution C+folic acid+thiamin 
1 (+) glutamic acid 

dl norleucine 
1 (—) leucine 
glycine AP 
| (—) hydroxyproline 
(+) cysteine 
dl serine 
1 (—) cystine 
) 1(—) histidine. 
| 1 (—) tyrosine 
| d (—) arginine. 
dl valine... 
dl tryptophane 
| dl alanine... 
| d lysine. 
| dl 8-phenylalanine 
dl aspartic acid. . 
dl methionine. 


thiamin + 


Solution C + folic acid + 


0.05 p.p.m. of folic acid and 0.5 p.p.m. of 
thiamin, changes in pH value were ob- 
served as recorded in table 4. These solu- 
tions were used in studying the rate of 
growth of Rhizoctonia found in the roots 
of certain Cymbidium orchids. However, 
only the observed variations in these 
solutions are considered in this paper. 
The addition of only 0.05% of amino 
acid to the solution, as shown in table 4, 
in some instances had significant effects 
upon the pH value. For example, when 


Initial Adjusted pH after 
pH pH autoclaving 
4-75 6.00 5-50 
4.72 0.02 5-50 
$25 6.00 5.60 
4.7° 60.00 5-53 
4.81 6.00 5.50 
4.89 6.co 5.48 
Ao72 6.00 5.42 
2.79 6.c0 4.37 
4.52 0.cI 5.50 
4.11 6.co 5.05 
4.34 0.00 5.92 
4.70 6.co 5-42 
4.71 6.01 5.58 
4.78 6.00 5-58 
4.48 | 6.02 5.65 
4.21 6.00 5.65 
4.68 6.0¢c 5-49 
4.52 6.00 §.5§2 
3-33 | 6.01 5.54 
4.82 6.00 5.41 


the solutions had to be sterile, it was nec- 
essary to autoclave them. After autoclav- 
ing the cysteine solution, the pH value 
dropped from 6.0 to 4.37. It was neces- 
sary to readjust the solution to pH 5.50 
by sterile techniques. Various sources of 
amino acids produced different pH 
changes, so that it became necessary to 
test carefully for pH value at every step 
in the experiments. This preliminary 
work indicates that amino acids are 


definitely better buffers than phosphates 
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in the good growth range of pH 4.5-5.5. 
This work is being continued to deter- 
mine which of the amino acids may act 
as good growth factors as well as satis- 
factory buffers. 


Summary 


1. The culture media used generally 
for the asymbiotic germination of orchid 
seeds are so weakly buffered that, as the 
seedlings start to grow, the pH value 
drops below the level for optimum 
growth. Even when the phosphate buffer 
was increased twenty-four fold, the buf- 
fering action was still weak in the opti- 
mal growth range of pH 4.5—5.5, indicat- 
ing that phosphate buffers are unsatis- 
factory. An investigation indicated that 
amino acids are excellent buffers. This 
work is being continued to determine 


what amino acids will be satisfactory not 
only as buffers but also as growth factors. 

2. Autoclaving the culture media with- 
out agar produced significant changes in 
pH value. Similar changes in pH value 
were observed, only at a slower rate, 
when the solutions stood for some time. 
These results are equally applicable to 
ordinary nonsterilized culture media. 
The changes when the original pH value 
was 3 to 6 were due to the presence of 
iron sulfate, which should be replaced by 
one of the organic iron salts; when it was 
between pH 6 and g, the changes were 
due to the presence of calcium nitrate. 
Based on these studies a new nutrient 
solution is proposed. 


KERCKHOFF BIOLOGICAL LABORATORIES 
CALIFORNIA INSTITUTE OF TECHNOLOGY 
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INHIBITION OF PHOTOPERIODIC INDUCTION IN 
XANTHIUM BY APPLIED AUXIN! 


JAMES BONNER AND JOHN THURLOW 


Introduction 

It has long been known that many 
plants grow vegetatively at a slower rate 
when subjected to short photoperiods 
than when subjected to long photoperi- 
ods. In cocklebur (Xanthium), a short- 
day plant with regard to induction of 
flowering, not only is vegetative growth 
abruptly checked when the plant is 
moved from a regime of photoperiods 


t Report of work supported in part by the Her- 
man Frasch Foundation for Agricultural Chemistry. 


longer than the critical (more than ap- 
proximately 15} hours of light per 24 
hours) to a regime of photoperiods short- 
er than the critical but, in addition, 
apical dominance is lessened or eliminat- 
ed. Since both reduced growth of stems 
and lessened apical dominance are symp- 
toms which may be associated with 
lessened auxin supply, it is natural to in- 
quire as to the auxin relations of the 
plant during photoperiodic induction. 
Assays of auxin in a variety of species by 
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CAILAHJAN (2) and CAILAHJAN and 
ZDANOVA (3, 4) by the diffusion method 
led these workers to the conclusion that 
plants grown under short photoperiods 
possess lower auxin content than plants 
grown under long photoperiods regard- 
less of the photoperiodic behavior of the 
plant. GALsTON (6), on the other hand, 
was unable to find any consistent effect 
of photoperiod on the ether-extractable 
auxin of soybeans. Although determina- 
tion of auxin content has not demon- 
strated any clear-cut relation between 
auxin and flowering response, some indi- 
cation that such a relation may exist has 
been obtained through the application of 
auxin to plants. Thus, HAMNER and 
BONNER (7) found that application of 
indoleacetic acid (IAA) in lanolin de- 
creased the intensity of the flowering re- 
sponse in Xanthium grown under condi- 
tions of short photoperiod and, in fact, 
completely suppressed the flowering re- 
sponse to one photoinductive cycle. 
Quantitative reduction in flowering re- 
sponse of soybeans on short day was ob- 
tained as a result of spraying with auxins 
(IAA, naphthaleneacetic acid) by Gat- 
sTON (6). Application of IAA, naphtha- 
leneacetic acid, and other auxins in low 
concentrations can, however, result in 
hastening flowering in other species as 
the pineapple (5, 9), although even in 
this case higher concentrations are also 
inhibitory to flowering. 

The conclusion to be drawn from earli- 
er work is that, although applied auxins 
may influence flowering behavior, the 
relation to photoperiodic response is ob- 
scure. The present work is concerned, 
then, with the auxin relations of the 
plant during flowering and in particular 
during the period of photoperiodic in- 
duction. The results confirm and extend 
those already presented (8)* 


Experimentation 

Xanthium canadense Mill., the cockle- 
bur, was used in these investigations. 
Burs collected in nature were used as the 
source of seed. Several previous investi- 
gations with the cocklebur have been 
carried out with seeds cut from the bur 
by hand in an effort to obtain good ger- 
mination. During this investigation it 
was found that simple clipping of the 
apical end from the bur results in rapid 
and relatively even germination. In gen- 
eral practice the burs were cut at the 
apical end and soaked over night in 
water before planting in flats in washed 
river sand. When the plants were 3-4 
inches tall, they were transplanted singly 
to 4-inch pots containing a mixture of 
equal parts of sand, loam, and leaf-mold. 
When the plants were 4-7 weeks old, 
they were used for the experiments re- 
ported below. All plants were grown in a 
greenhouse maintained at a minimum of 
70° F. The natural daylight was supple- 
mented with light from incandescent- 
filament lamps to achieve a light inten- 
sity of at least 100 foot-candles at the 
leaf surface and a total photoperiod of 20 
hours. Short days (8-hour photoperiods) 
were achieved by transferring the plants 
to a bench covered by a light-impervious 
curtain between 4:00 P.M. and 8:00 A.M. 

The cocklebur is caused to form flower 
primordia by a single exposure to a dark 
period longer than the critical (approxi- 
mately 83 hours), the primordia appear- 
ing 4-6 days after exposure. A plant ex- 
posed to one or more photoinductive cy- 
cles will continue to form flower pri- 
mordia even though maintained after 
such exposure on a non-photoinductive 
regime of long days and short nights. 
Such a plant is referred to as ‘‘photo- 
induced” and the short day-long night 
treatments as the ‘“‘photoinduction pe- 
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riod.” The effectiveness of the induc- 
tion period increases somewhat with the 
number of photoinductive cycles. This is 
shown in figure 1, in which the dry weight 
of the apical centimeter of stem and 
growing point is used as a measure of 
floral development and is plotted as a 
function of photoinduction period both 
for plants maintained in short days and 
for plants returned to long days after 
various photoinduction periods. 


100 


It has been shown earlier (7) that in 
Xanthium the site of photoperiodic per- 
ception is the mature leaf. The effect of 
leaves of different ages on floral initia- 
tion and subsequent development is il- 
lustrated in table 1. Not only are the 
young leaves the poorest perceptors but 
they also exert an inhibitory effect on 
bud development when the plant is 
transferred to long days as shown by the 
fact that development was more rapid 
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Fic. 1.—Development of floral primordia of Xanthium as a function of number of photoinductive cycles 
applied. In lower curve plants were allowed to remain on long days continuously. In upper curve plants were 
allowed to remain on short days. In middle curve plants were returned to long day after number of cycles 


indicated. 


This paper will be primarily con- 
cerned, however, with floral initiation, 
and all buds were dissected under the 
microscope to ascertain whether or not 
floral initiation had taken place. The 
first visible differentiation referred to as 
“inflorescence primordia” by HAMNER 
and BONNER (7) is indicated as ‘‘ +” in 
the tables below. More advanced stages, 
the “floral primordia” of HAMNER and 
BONNER (7), are indicated as “‘ ++” be- 
low. The several stages in floral differen- 
tiation in the apical bud of Xanthium are 
illustrated in figure 2 


when plants were completely defoliated 
(after a 7-day induction period) than 
when the young leaves were retained. 
Only fully expanded mature leaves were 
used for experimental work involving 
individual leaves as perceptors. 
APPLICATION OF AUXINS BY SPRAYS OR 
TO somt.—Indoleacetic (IAA), naphtha- 
leneacetic acid (NAA), and naphtha- 
leneacetamide (NAM) were first applied 
to Xanthium plants either to the aerial 
portions as a spray or to the root system. 
Where applied via the roots, a 1o-ml. 
portion of the appropriate solution was 
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poured onto the soil at the base of a 
plant. For spray treatment the appro- 
priate solutions were applied by hand 
spray guns, and each plant was thor- 
oughly wetted daily. In the experiment of 
table 2, lots of ten plants were treated 
daily for three long-day cycles and were 





STAGE | STAGE 2 


4 CYCLES 





STAGE 3 
5 CYCLES 


STAGE 4 
6 CYCLES 





STAGE 5 STAGE 6 
7 CYCLES 8 CYCLES 
Fic. 2.—Stages in development of floral pri- 


mordia in Xanthium. Stage 1 represents vegetative 
plant. Stages 3-5 represent inflorescence primordia 
designated as ‘‘+”’ in text. Stage 6 represents floral 
primordia designated as ‘‘+-+.” 


then transferred to short-day photoin- 
ductive cycles. After four such cycles 
they were retransferred to long days and 
the treatments continued for 3 more 
days. After a further 8 days all plants 
were dissected and examined for floral 
initiation. ¢ 

All plants retained on long photoperi- 
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ods, whether auxin-treated or not, re- 
mained strictly vegetative and are not 
included in table 2. All control plants 
subjected to the four photoinductive 
cycles produced flower primordia. In the 
auxin-treated photoinduced plants, on 
the contrary, differentiation was in- 


TABLE 1 

RELATIVE EFFECTIVENESS OF MATURE AND IM- 
MATURE (YOUNG) LEAVES IN SUPPORTING 
FLORAL INDUCTION AND FLORAL DEVELOP- 
MENT IN XANTHIUM. FLORAL DEVELOPMENT 
MEASURED BY INCREASE IN DRY WEIGHT OF 
APICAL CENTIMETER OF BUD AND STEM TIS- 

SUES. TEN PLANTS PER TREATMENT 

(LD=long days, SD =short days) 


Average 
Treatment of plants weight 
(mgm./bud) 
13 SD young leaves only......... 43.3* 
13 SD mature leaves only......... 48.3* 
13 SD all leaves retained......... 88.5 


SD—6 LD young leaves only... 41.9* 
SD—6 LD mature leaves only.. 50.5* 
SD—6 LD all leaves retained .. 60.9 


sai ™ 


7 SD with all leaves—6 LD com- 


pletely defoliated............ 64.5 
7 SD with all leaves- 6 LD young 
IEA VOSONIV 5 co5 ss nace 40.3" 


SD with all leaves 
leaves only 


6 LD mature 


~ 


13 LD all leaves retained......... 27.0 


* Equal leaf-area maintained in comparison of effects of 
mature and young leaves. 


hibited, the degree of inhibition depend- 
ing on the compound, concentration, and 
type of application used. Floral initia- 
tion was largely suppressed by NAA or 
IAA ataconcentration of 50omgm./|.and 
applied as a spray. Lower concentrations, 
as well as applications to the roots, re- 
sulted principally in retardation of fur- 
ther development of the inflorescence. It 
may be concluded, therefore, that auxin 
application under the conditions used is 
inhibitory both to floral initiation and to 
floral development. 
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TABLE 2 


INHIBITION OF FLOWERING BY APPLICATION OF VARIOUS CONCENTRATIONS OF AUXINS 


ALL PLANTS SUBJECTED TO FOUR PHOTOINDUCTIVE CYCLES 
THEN RETURNED TO LONG PHOTOPERIOD 








CONDITION OF APICAL BUDS 
AFTER 14 DAYS* 


TREATMENT AUXIN | P.p.m. =o oa 
Veg. | + ++ 
Sprayed ts Indoleacetic acid 500 10 re) 
| 100 | 2 8 
50 I 9 
; o . 
Sprayed 136 Naphthaleneacetamide | 500 4 6 
100 =) 10 
50 3 10 
| | 
Sprayed. . eats Naphthaleneacetic acid 2500 8 | 2 
500 9 I 
| 100 | 3 | 7 
5° I | 9 
| | | | | 
Poured on soil | Naphthaleneacetamide 500 Bas’, wae 10 
100 PEE, 10 
50 BREE 10 
} } } 
Poured on soil Naphthaleneacetic acid 2500 | 4 7 
500s 4 7 
100 “ | Io 
50 | 10 
Control 1 ; eee Noam [252.2 : Marae IO 
Control 2 i oreo Sukie wee , No auxin Eee 10 


* Veg. = vegetative; + = inflorescence primordium; ++ = floral primordium. 


TABLE 3 


XANTHIUM PLANTS WHOSE RESPONSE TO PHOTOPERIODIC INDUCTION HAS BEEN 
INHIBITED BY APPLICATION OF AUXIN CANNOT TRANSMIT FLOWERING 
STIMULUS TO VEGETATIVE RECEPTOR PLANTS 


CONDITION OF RE- 











CONDITION OF DONORS CONDITION OF DONORS’sf . : 
. CEPTOR} BUDS 
ORIGINAL TREAT AFTER 14 DAYS* NEW BUDS AFTER 28 DAYS . 
AFTER 25 DAYS 
MENT TO AUXIN P.p.m. 
DONOR PLANT 
Veg. + 5 oo Veg + ote Veg. + 
Sprayed... IAA 500 10 ° 9 I 8 2 
Sprayed. . IAA 100 2 8 10 
Sprayed. . NAM 500 4 6 4 2 | 
Sprayed. . NAA 2500 8 2 7 | 7 
Sprayed. .. NAA 500 9 I 7 7 
Sprayed. . NAA 100 3 7 7 ree 
Sprayed. . NAA 50 aa a 2 6 
Poured on soil NAA 2500 4 | 4 aa 9 I eee 
Control 1... be0cic% of INO GEREN ae aa 10 ° 10 I 9 


* Same plants as in table 2. 
+‘‘Donor”’ refers to a plant which had been exposed to photoinductive cycles. 
t ‘‘Receptor’’ refers to vegetative plant to which donor was grafted. 
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Failure of plants which have been 
treated with auxin to produce floral pri- 
mordia during photoinductive treat- 
ment could conceivably be due either to 
failure of the apical bud to respond to the 
leaf-produced floral stimulus or to failure 
of the leaves to produce this stimulus. 
This question was resolved by approach- 
grafting plants from the experiment of 
table 2, in which floral initiation had 
been suppressed, to vegetative receptor 
plants. As a control the photoinduced 
control plants were similarly grafted to 
vegetative receptor plants. Grafting was 
done ro days after the last short photo- 
period, and the graft partners were al- 
lowed to remain under long day for 28 
days. At the end of this time the buds of 
the receptors, as well as the buds which 
had grown out on the donor plants, were 
dissected and inspected for floral initia- 
tion. The results show that the non- 
auxin-treated but photoinduced donor 
plants were able to transmit the floral 
stimulus to their receptor individuals. 
Of fourteen successful grafts made from 
plants sprayed with the two highest con- 
centrations of NAA (and subjected to 
four photoinductive cycles), not a single 
receptor plant initiated floral primordia. 
In addition, the new buds which grew 
out on the donor plants were also vegeta- 
tive. It must be concluded, therefore, 
that auxin treatment alters the response 
of Xanthium to photoinduction by inter- 
fering with the production by, or trans- 
port from, the leaves of the floral-initia- 
tion stimulus. 

APPLICATION OF AUXINS TO CUTTINGS. 
—The responses to applied auxin re- 
corded in tables 2 and 3 were elicited only 
by concentrations which are regarded as 
high in auxin work. If auxin inhibition of 
photoperiodic induction is a normal 
physiological response, it ‘might be ex- 
pected to respond to application of auxin 
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in physiological concentrations, i.e., 0.1- 
100 mgm./1. The method of spraying has 
the serious drawback that auxin is ap- 
plied only intermittently, and, in addi- 
tion, only small total amounts are ap- 
plied per plant. These two difficulties 
were resolved by applying auxin to cut- 
tings of Xanthtum. Groups of apical cut- 
tings approximately 12 inches long were 
placed in 500-ml. beakers in auxin solu- 
tions made up in Hoagland’s solution di- 
luted four times. After two long-day 
cycles the cuttings were given four photo- 
inductive cycles and then returned to 
long days. The solutions were completely 
renewed every 2 days. Fourteen days 
after the first photoinductive cycle the 
cuttings were dissected. The results of a 
typical experiment are given in the up- 
per part of table 4. Control cuttings re- 
tained on long photoperiods throughout 
remained vegetative, while ten of twelve 
photoinduced non-auxin-treated cuttings 
were found to be in the flowering state. 
NAA in concentrations of 30 and I00 
mgm./l. completely suppressed photo- 
periodic induction, while NAA in a con- 
centration as low as 10 mgm./I. still sup- 
pressed induction in eleven of twelve 
treated cuttings. In other experiments in 
which plants were maintained on short- 
day cycles (table 4) NAA in still lower 
concentrations effected nearly complete 
inhibition. This method of auxin appli- 
cation is superior to spraying, then, in 
that lower concentrations of auxin are 
effective. 

Like IAA and NAA, 2,4-dichloro- 
phenoxyacetic acid (2,4-D) is inhibi- 
tory to photoperiodic induction of Xan- 
thium and, in fact, 2,4-D appears to be 
even more effective than the former com- 
pounds, as is shown in one of the experi- 
ments of table 4. In this experiment 
cuttings in the several solutions were 
given two long-day cycles and were then 
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moved to and maintained on short photo- 
period. After fourteen short photoperiods 
the buds were dissected. Floral induction 
was essentially completely suppressed 
by 2,4-D at a concentration of 0.1 
mgm./l., whereas NAA required of the 
order of 3 mgm./l. to bring about the 
same degree of inhibition. 


TABLE 4 


INHIBITION OF FLORAL INDUCTION BY AUXINS 
SUPPLIED TO CUTTINGS IN DILUTED HOAG- 
LAND’S SOLUTION CONTAINING ADDENDA 
NOTED 





CONDITION OF APICAL 
CONCENTRA- | 














AUXIN BUDS AFTER 14 DAYS 
ADDED = | 
| (MGM./L.) 
| Vee, | + | ++ 
Induced by four short-day cycles 
. | |. | 
None.... a 2 9 I 
NAA....... 10 II | or 3 
NAA. ..... 1 30 12 | ° | ° 
free | 100 7 o | Oo 
None (long-| 
day con-| | 
trol) |} 12 o | © 
a ee " 
| Maintained on short-day cycles 
for 14 days 
= 
| 
None...... Spee 2 + | 4 
2,4-D... 0.01 4 2 | 4 
2,4-D... O.1 9 I ° 
re 6 I ° 
NAA.......] 10 7 ° ° 
NAA: ..<...} 30 7 ° re) 





The inhibition of photoperiodic induc- 
tion of Xanthium cuttings by applied 
auxin is not owing to any permanent in- 
jury but is reversible, as was shown by 
experiments such as that of table 5. In 
this experiment cuttings were subjected 
to photoperiodic-induction treatment 
either in nutrient solution or in nutrient 
solution to which NAA had been added 
in a concentration of 20 mgm./I1. At the 


end of 14 days some of the cuttings were 
dissected, and others were transferred to 
plain nutrient and replaced on short day. 
Although NAA completely suppressed 
the appearance of floral differentiation 
during the first 14-day period, neverthe- 
less, all such cuttings flowered in the 
second 14-day period after the removal 
of NAA from the solution. 

APPLICATION OF AUXINS DURING DARK 
PERIOD ONLY.—Since the effect of auxin 
in inhibiting photoperiodic induction in 


TABLE 5 


REVERSIBILITY OF AUXIN INHIBITION OF PHOTO- 
PERIODIC INDUCTION. CUTTINGS PLACED IN 
SOLUTIONS FOR 14 DAYS FOR FIRST PERIOD, 
THEN TRANSFERRED TO OTHER SOLUTIONS 
FOR SECOND PERIOD OF 14 DAYS. MAIN- 
TAINED CONTINUOUSLY ON SHORT DAY 








CONDITION OF 

















TREATMENT APICAL BUDS AT 
DISSECTION 
Ist period 2d period Veg.| + ++ 
Nutrient alone | None* | 1 5 4 
NAA 20 mgm./l. | None* | 9 ° ° 
NAA 20 mgm./l. | Nutrient | ° 2 3 


alone 








* Dissected at end of first period 


X anthium appears to be upon the forma- 
tion by or transport from the leaves of 
the stimulus to floral initiation, further 
experiments were undertaken with ap- 
plication of auxins directly and solely to 
leaves, by inserting the leaves in vials 
filled with the solution to be tested. Pre- 
liminary experiments were carried out to 
determine the photoperiodic sensitivity 
of leaves submerged in water either con- 
tinuously or during the dark period only 
for the duration of the photoinductive 
term. Groups of eight plants each were 
defoliated except for two mature leaves 
and the groups treated as follows: (a) 
each leaf submerged continuously; (0) 





TABLE 6 


EFFECT ON FLORAL INITIATION OF SUBMERGING LEAVES IN WATER 






































| CONDITION OF BUDS 
PHoTo- 
x AGE OF BUDS 
LEAF TREATMENT INDUCTIVE ra\t | 
CYCLES (pays) 
Ves. | + | ++ 
| {2 8 “eee ee 
A (s , . : J4 8 8 eto ee 
A (submerged continuously). . . . | 6 8 8 | CMY ja Nicae nl 
\4 12 2 | 6 a ale Ria are 
| 
(2 8 8 ms 
B (half-submerged continuously). . ta "3 : pen rss | pr aes 
\4 12 oe ees Peeian epee 
— i Sat f2 8 Be A ee eens 
C (in dry vials)....... 4 | 8 ae Mae 
(2 &. |) 38 Se oe re 
|2 12 6 2 
D (submerged at night). . . ad | 4 8 | ial Agere earn! (alee ogee 
4 12 ° 8 
(0 12 SB! Weta Sie ante ens oe 
: 8 i ip ah a (a he ee 
A daa 2 12 sista g hin eed Mas wet 8 
Control Gurein): oc5< oo eseaxees 4 TE. are wenat | 8 
\4 an ee er b Sacco atie 8 





* Number of days (after first photoinductive cycle) which had elapsed before dissection. 


TABLE 7 


EFFECT ON FLORAL INITIATION OF AUXINS APPLIED, VIA SUBMERGED LEAVES 


OR PETIOLES, DURING 4-DAY INDUCTION PERIOD 


CONCENTRA- | START OF INDUCTION 


| 
| CONDITION OF BUDS 12 DAYS AFTER 
| 














AUXIN TION ORGANS SUBMERGED - 5 am RS 
| (P.P.M.) | 
Veg. + a ag 
IAA.. | Te) Leaves* 7 I 
| I | Leaves* RES Cleese 
NAA. | 10 | Leaves* 8 ist 
I | Leaves* | 7 I 
TAA.. 10 | Petioles above leaves Bow resents 
IAA. 10 | Petioles below leaves |.........]........ 8 
CN Eee | 10 Leaves* 8 epee lee ee 
| \ ere 10 | Leaves* | ES | per 
| 
| . 
re ° | Leaves* | 2 Sits UNS 
Sieitecs dee ee ° fees <a eSois a joie ie wide facie Sieiets 8 
Da eaceate ne ° Bee eee ne | a eee eee seen 
¢ | 





* Submerged at night only. 
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each leaf half-submerged continuously; 
(c) each leaf in a vial, as in a and b, but 
no water added; and (d) each leaf sub- 
merged at night only. After exposure to 
the desired number of photoinductive 
cycles, the plants were removed to long 
photoperiods and treatment of the 
leaves stopped. Table 6 gives the results 
of such an experiment. Complete or half- 
submersion of leaves continuously seri- 
ously retarded the photoinductive proc- 
ess. Leaves submerged at night only did, 
however, respond vigorously to induction 
periods of four cycles. This condition 
was therefore adopted for the following 
experiments. In addition, groups were 
set up in which two attached petioles 
with leaf blades removed were immersed 
in the solution, two other mature leaves 
being free. The data of table 7 show that, 
when either IAA or NAA was supplied 
nightly to leaves subjected to four photo- 
inductive cycles, floral initiation was es- 
sentially completely suppressed by con- 
centrations of auxin as low as 1 mgm./I. 
Application of auxin via petioles below 
the free leaves was without effect on 
floral initiation, although, when auxins 
at a concentration of 10 mgm./l. were 
supplied to petioles immediately above 
such leaves, floral development was 
markedly retarded. CAILAHJAN (2) has 
shown that the inhibitory effect of leaves 
subjected to long photoperiods in short- 
day plants in which other leaves are sub- 
jected to photoinductive cycles is great- 
est when the leaves on long day are be- 
tween the site of photoperiodic percep- 
tion and the differentiating bud. It is 
possible, then, that auxin-treated peti- 
oles affect floral development in much the 
same manner as do leaves maintained on 
long photoperiods. 

The principal conclusion to be drawn 
from table 7 is that the influence of auxin 
in inhibiting floral initiation is greatest 
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when the auxin is supplied directly to 
the leaves, i.e., to the site of photoperiod- 
ic perception. Under these conditions 
strictly physiological concentrations of 
auxin are fully effective. It may also be 
of significance that the auxin need only 
be applied during the dark portions of 
the photoinductive cycle, since it has 
previously been shown (7) that it is dur- 
ing the dark period that the normally 


TABLE 8 


INHIBITING EFFECT OF AUXIN ON PHOTOPERI- 
ODIC INDUCTION OFFSET BY AUXIN AN- 
TAGONISTS 2,4-DICHLORANISOLE (DCA) AND 
TRIIODOBENZOIC ACID (TIBA). CUTTINGS 
PLACED IN SOLUTIONS INDICATED FOR TWO 
LONG-DAY CYCLES, THEN TRANSFERRED TO 
SHORT PHOTOPERIODS FOR 4 DAYS, AND RE- 
TURNED TO LONG DAY FOR 11 DAYS 


| 
} 
| CONDITION OF APICAL BUDS 


‘ : AFTER I5 DAYS 
ADDENDA TO NUTRIENT 


| 

(MGM./L.) | ay 
| 
| 





oO 


NAA 10... 

NAA 30... 

DCA 10... 

TIBA 10.... I 
TIBA 30... a ae 
NAA 10+DCA 1to......! I 
NAA 30+DCA 10......| 6 


None..... year xe 
| 
| 


° 
wunn et OO 
ooconrrn 
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limiting photoperiodic reaction of Xan- 
thium occurs. 

INFLUENCE OF AUXIN ANTAGONISTS ON 
FLORAL INITIATION AND DEVELOPMENT.— 
The compound 2,4-dichloranisole (DCA) 
has been previously reported to act as an 
antagonist of auxin with respect to 
auxin-induced cell elongation and _ in- 
crease in respiratory rate (1). DCA also 
antagonizes the influence of auxins in in- 
hibition of floral initiation (table 8). For 
these experiments vegetative cuttings in 
solutions of the desired materials (all ad- 
justed to pH 4.5) were given two long- 
day cycles and were then subjected to 
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four short-day cycles. They were then re- 
turned to long day and dissected on the 
fifteenth day from the beginning of the 
photoperiodic treatment. DCA in the 
concentration of 10 mgm./1. (close to its 
solubility limit in water) is not only not 
inhibitory but appears to increase the 
rate of floral development (table 8). Tri- 
iodobenzoic acid, similarly an auxin an- 
tagonist, although less effective than 
DCA in the cell elongation test (1)e x- 
erts a similar effect in increasing the rate 
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treated as before with NAA but main- 
tained on long photoperiod. Cuttings 
were immersed in NAA, 25 or 50 mgm./1., 
and leaf samples were harvested after 5, 
10, and 15 days. Comparable leaves from 
untreated control plants were harvested 
simultaneously. The leaves were dried in 
a forced-draft oven at 70° C., ground ina 
Wiley mill, and the auxin extracted with 
peroxide-free ether. These extracts were 
tested for auxin activity in the standard 
Avena test (10). A standardization curve 








300 
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400 


Fic. 3.—Activity of naphthaleneacetic acid in Avena test 


of floral development, an observation 
confirming that of Garston (6). DCA in 
a concentration of 1o mgm./1. completely 
nullifies the inhibition of induction 
caused by NAA in a concentration of 10 
mgm./l. and greatly reduces the inhibi- 
tion caused by NAA in a concentration of 
30 mgm./l. Thus, the photoperiodic in- 
duction of Xanthium is a process in- 
hibited by auxin and promoted by an 
antagonist of auxin. 

AMOUNT OF AUXIN ABSORBED BY 
PLANT.—In order to gain an insight into 
the actual quantities of auxins taken up 
by aplant during auxin application, auxin 
assays were carried out on cuttings 


for NAA was established for the Avena 
test and is given in figure 3. It may be 
seen that the maximum curvature ob- 
tained with NAA is approximately 7°, as 
compared with 15° obtained with IAA 
under the same conditions, and that a 
curvature of 7° is given by approximately 
350 uwgm. of NAA per liter compared 
with approximately 35 wgm. of IAA per 
liter needed to give the same curvature. 
The results of a typical experiment are 
given in table 9. The leaves of untreated 
cuttings show a slow rise in auxin con- 
tent with time. There is, however, little 
increase in auxin activity of the tissue as 
a result of the added external supply of 
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NAA. Although these determinations 
are complicated by the presence in 
Xanthium leaves of an inhibitor of the 
Avena test, the data indicate that the 
rise in free auxin activity as a result of 
NAA application is at most small. 


Discussion 

The present experiments demonstrate 
a clear influence of applied auxin on the 
photoperiodic reaction. The effect of 
auxin in inhibiting normal photoperiodic 
induction is apparently on the leaves, 
since application of auxin directly to the 
leaves results in more complete inhibition 
with lower concentrations of auxin than 
does any other method of application 
used. The inhibiting effect is, further- 
more, shown to consist in suppression of 
the ability of the leaves to produce or 
export the flowering stimulus. What, 
now, is the significance of these findings 
for the normal photoperiodic response? 
If leaf auxin level were related to photo- 
periodic induction, it might be expected 
that high auxin levels would be found in 
the leaves of vegetative plants and lower 
auxin levels in the leaves of plants dur- 
ing photoperiodic induction. We do not 
know, however, whether the auxin levels 
to be compared should be the free molec- 
ular auxin of the leaf or some form of 
combined auxin, perhaps the auxin-pro- 
tein complex of the leaf described by 
WILDMAN and BONNER (11). Measure- 
ments of free auxin in dried Xanthium 
tissue harvested at various times during 
photoperiodic induction have thus far 
failed to reveal any simple relation of 
leaf auxin content to photoperiodic in- 
duction.2 The auxin relations of the 
Xanthium \eaf are complicated also by 
the presence of an inhibitor, which may 

2 This work was carried out in collaboration with 
Dr. Morses KRAMER, Instituto Biologico, Sao 


Paulo, Brazil, and will be reported in detail else- 
where. 


properly be called an “auxin inhibitor,” 
since it inhibits the effectiveness of auxin 
in the Avena test, the extract of less than 
1 mgm. of dry Xanthium leaf tissue suf- 
ficing to inhibit a 10° curvature of an 
Avena plant by 70% or more. 

What is the role of this inhibitor? Is 
the effective auxin level in the leaf a re- 


TABLE 9 


AVENA ASSAY OF FREE AUXIN IN LEAF TISSUE 
FROM CUTTINGS TREATED FOR VARIOUS 
PERIODS WITH SOLUTIONS OF NAA 
AVERAGE CURVATURE IN DEGREES, 
AVENA TEST* 











PERIOD OF | 








TREATMENT | | 
(DAYS) | 25 p.p.m. | 50 p.p.m. 
| Minus NAA NAA in | NAA in 
| | nutrient | nutrient 
Extract of 2.5 mgm. tissue per 
12 Avena test plants 
° t.4 : ‘ 
5- 3.9 2.0 3-4 
10 3.8 5 4.1 
15 3.0 ¥.3 3.7 
Extract of 5.0 mgm. of tissue per 
12 Avena test plants 
° ¥.9 i 
5 5.1 4.0 6.3 
10. 6.0 6.1 6.8 
15. 5-5 2.3 4-3 





* Experiments were performed on different days, but curva- 
tures are adjusted to compensate for variations in the sensitivity 
to NAA standard. For the above assays 125ugm./l. NAA = 
3.0 curvature. 
sultant of the balance between auxin and 
inhibitor? These questions must be eluci- 
dated for an understanding of the role 
of the native auxin in photoperiodic in- 
duction in Xanthium. The principal con- 
clusion of the present work can be merely 
that applied auxin is highly effective in 
inhibiting photoperiodic induction in 
Xanthium. A possible role of auxin in 
photoperiodic induction is therefore indi- 
cated. 
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Summary 


1. When an active auxin as indole- 
acetic acid or naphthaleneacetic acid is 
sprayed on the foliage of Xanthium, a 
short-day plant, during the photoinduc- 
tion period, the initiation of inflorescence 
primordia is suppressed. 

2. If plants whose response to photo- 
periodic induction has been inhibited by 
auxin application are subsequently graft- 
ed as donors to vegetative receptor 
plants, the donors do not elicit any flow- 
ering response in the receptor plants. 
This indicates that the effect of applied 
auxin is to inhibit production by or trans- 
port from the leaves of the stimulus to 
floral induction. 

3. When cuttings of Xanthium are 
placed in solution containing an active 
auxin, the flowering response to photoin- 
duction is suppressed. This effect is re- 
versible in that such cuttings may be 
normally induced after removal of the 
exogenous auxin supply. 
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4. 2,4-Dichloranisole, an analogue of 
2,4-dichlorophenoxyacetic acid and an 
antagonist of auxin, suppresses the effect 
of auxin in inhibition of floral initiation. 
When dichloranisole alone is supplied to 
cuttings of Xanthium during photoperi- 
odic induction, floral development is 
hastened. 

5. If the mature photoperiodically ac- 
tive leaves of Xanthium are submerged 
during the dark periods only in a solution 
of an active auxin, the flowering response 
to photoperiodic induction is suppressed, 
concentrations of naphthaleneacetic acid 
as low as 1 mgm./1. sufficing to carry out 
the inhibition. 


The authors wish to express their ap- 
preciation to CHARLES NEWMAN and to 
MARTIN FRANZBLAU, who aided in vari- 
ous portions of the work. 
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FURTHER EXPERIMENTS ON FLOWERING IN XANTHIUM! 


JAMES BONNER 


Introduction 


In earlier papers (2, 4) it has been 
shown that the flowering response of 
Xanthium canadense, a short-day plant, 
is inhibited by application of anauxinsuch 
as naphthaleneacetic acid (NAA) or in- 
doleacetic acid (IAA). It was found that 
auxin applied during the photoinduction 
period inhibits not only the flowering re- 
sponse but also the ability of the treated 
plant to produce or export the flowering 
stimulus to a vegetative graft partner. 
The auxin is most effective if applied di- 
rectly to the leaves of the treated plant, 
and the effect would appear to be exerted 
on the leaves. 

It has further been shown (2) that 
auxin antagonists including 2,4-dichlo- 
ranisole (DCA) and 2,3,5-triiodobenzoic 
acid (TIBA) are able to offset the inhib- 
iting effects of applied auxins on floral ini- 
tiation. The present paper describes ex- 
periments concerning the effects of these 
same auxin antagonists on vegetative 
Xanthium plants maintained on long 
photoperiods and therefore not subjected 
to any photoinduction treatment. These 
experiments show that flower-like buds 
may be induced through application of 
such anti-auxins. 


Material and methods 


Xanthium canadense plants were grown 
from seeds collected in nature, allowed to 
germinate in sand, and transplanted 
singly to washed river sand contained in 
4-inch pots. All plants were supplied 
daily with a complete nutrient solution 
and were maintained in a greenhouse with 
a minimum night temperature of 70° F. 


* Report of work supported in part by the Her- 
man Frasch Foundation for Agricultural Chemistry. 


The natural daylength was supplement- 
ed by light of approximately too foot- 
candles intensity from incandescent-fila- 
ment lamps to keep the photoperiod at 
20 hours. The plants were used in experi- 
ments when they had attained a height 
of 1-2 feet at an age of 6-8 weeks. 

Application of growth substances or 
their antagonists was carried out by 
three different methods. Use was made 
of the method previously described (2) in 
which two mature leaves of the plant to 
be treated were immersed nightly in an 
aqueous solution of the material under 
investigation. All mature leaves but the 
two to be treated were removed. In a 
second method the terminal portions of 
the plants were removed to make cut- 
tings approximately 12 inches long. All 
mature leaves but two were removed as 
were all immature leaves more than ap- 
proximately 1 cm. long. The cuttings 
were then placed individually in test 
tubes of 50-cc. capacity. The substances 
to be tested were made up in Hoagland’s 
nutrient solution, diluted four times, and 
the whole added to the test tubes with 
the cuttings. The cuttings were shaded 
during the day by two layers of cheese- 
cloth to reduce the light intensity inci- 
dent on them by approximately 75%. In 
the third method of application the sub- 
stances to be tested were made up in an 
organic solvent, and a small volume, o.1— 
0.2 ml., of the concentrated solution was 
pipected directly onto the leaf surface. 
The solvent used was 95% ethanol, since 
it proved to be relatively nontoxic, was 
without effect on floral initiation by it- 
self, and also gave rapid infiltration of 
the leaf tissue. 

The criterion of floral initiation used 
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throughout is the appearance of micro- 
scopically detectable floral primordia. In 
addition to the classifications of vegeta- 
tive and floral, it was necessary to add a 
third category, that of intermediate, for 
the purposes of the work. This category 
includes buds found on dissection to be 
wider and more swollen than typical 
vegetative buds but which lacked the 
typical dome shape of floral primordia. 
The changes in shape of the growing 
point induced by chemical treatment de- 
scribed here seem to resemble those 


TABLE 1 

FLORAL-INDUCTION EFFECTS OF 2,4-DICHLORAN- 
ISOLE AND TRIIODOBENZOIC ACID APPLIED 
IN NUTRIENT SOLUTION TO CUTTINGS OF XAN- 
THIUM MAINTAINED UNDER CONDITIONS OF 
LONG PHOTOPERIOD WITH NEAR-THRESHOLD 
INTENSITIES OF SUPPLEMENTARY LIGHT. TO- 
TALS FROM THREE EXPERIMENTS 


CONDITION OF TERMINAL BUDS 
AFTER 14 DAYS 


ADDENDUM TO 
NUTRIENT 
OLUTION : Des sack » 
. No No. in- No. 
(MGM./L.) P % flow- 
vegeta- | terme- | flower- | tin 
° ° ° e 7 
tive diate ing s 
None (control) 46 | ° ° 
TIBA 30 : 12 7 10 | 35 
DCA 10 ; 13 13 12 32 
TIBA 30+NAA | 
Io 2I | I ° ° 


which occur in the first stages of floral 
initiation. Since the structures in no case 
developed into mature flowers, it is not 
known whether they are, in fact, true 
floral primordia. 


Results 


That initiation of flower-like buds can 
be induced by DCA and TIBA applied 
under conditions of long photoperiod is 
shown by the data of table 1. These data 
are based on three experiments carried 
out with cuttings as described above, 
with DCA and TIBA added as indicated 
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to the nutrient solution in which the cut- 
tings were placed. The cuttings were 
maintained in the light in the greenhouse 
for 8 hours of each 24-hour cycle. For the 
remaining 16 hours of each 24, they were 
removed to a dark room under a ruby-red 
safelight at such a distance that the 
leaves received an intensity of approxi- 
mately 1 foot-candle. This treatment was 
continued daily for 14 days, after which 
the apical buds were dissected and ex- 
amined for evidences of floral primordia. 
The cuttings which received nutrient so- 
lution alone remained vegetative without 
exception, showing that the intensity of 
supplementary light used was sufficient 
to suppress floral induction. The in- 
tensity used was, however, on the thresh- 
old of that needed for this purpose, since, 
when the intensity of supplementary 
light was reduced to 0.3 foot-candle at 
the leaf surface, floral induction occurred 
in some of the otherwise untreated con- 
trol cuttings. 

Table 1 shows that when either TIBA 
or DCA was incorporated in the nutrient 
solution supplied to cuttings under the 
described conditions, flower-like buds 
were found in approximately one-third of 
the treated plants, while a further por- 
tion in each case attained the intermedi- 
ate stage noted above. The apical mer- 
istems formed appeared wholly normal 
in all respects, although their further de- 
velopment into mature flowers and fruits 
did not occur as in photoperiodically in- 
duced plants. 

The induction of flower-like buds by 
TIBA can be completely suppressed by 
the simultaneous application to cuttings 
of the auxin naphthaleneacetic acid 
(NAA), as is shown in table 1. This in- 
hibition by NAA of chemically induced 
floral initiation parallels the similar in- 
hibition of photoperiodic induction in 
Xanthium (2). 
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Induction of flower-like buds in Xan- 
thium under conditions of long day has 
thus been achieved in plants maintained 
in supplementary light close to the lower 
critical threshold needed to suppress 
flowering. When similar experiments 
were done under the usual greenhouse 
conditions with supplementary light of 
approximately 1oo foot-candles intensi- 
ty, flowering was not commonly induced 
by either DCA or TIBA, and this was 
true regardless of the method of applica- 
tion of the anti-auxins. 


Discussion 


It has been shown above that under 
certain selected conditions of long photo- 
periods the application of DCA or TIBA 
to vegetative Xanthium plants induces 
the formation of flower-like buds. This 
response may be largely inhibited by si- 
multaneous application of an active 
auxin, NAA. It has been shown, contrari- 
wise, that when Xanthium plants are 
placed under short photoperiods, the nor- 
mal induction of floral primordia can be 
suppressed by application of NAA or 
other active auxins and that this re- 
sponse can be removed by the further ad- 
dition of DCA or TIBA (2). DCA and 
TIBA have been shown also to have 
auxin antagonistic effects in the regula- 
tion of cell elongation (1), release of api- 
cal dominance (3), and other phenomena, 
so that these substances may properly be 
referred to as auxin antagonists or anti- 
auxins. The relations of applied auxins 
and anti-auxins to floral initiation in 
Xanthium suggest that the response of 


this species to photoperiod may be medi- 
ated in some manner by changes in the 
auxin economy of the plant. Exposure to 
short photoperiods brings about changes 
in the plant which favor flowering and 
which are inhibited by applied auxin. 
Exposure to long photoperiods causes the 
plant to remain vegetative, but changes 
equivalent to those induced by short 
photoperiods may be brought about by 
applied anti-auxins even when the plant 
is maintained on long photoperiods. 
These facts suggest that in Xanthium 
flowering may be caused by a decrease in 
effective auxin level in the plant ‘and 
that this decrease may be brought about 
either by short photoperiods or by ap- 
plied anti-auxins. The concept that 
photoperiodic induction in the short-day 
plant Xanthium may be mediated by an 
auxin mechanism is in full accord with 
the hypothesis of GALSTON (3), who has 
shown that in soybean, also, the flower- 
ing response may be augmented by the 
application of TIBA to the plant. 


Summary 


The application of the auxin antago- 
nists 2,4-dichloranisole and _ triiodoben- 
zoic acid to vegetative Xanthium plants 
was found to result in the initiation of 
flower-like buds. This effect was obtained 
under conditions of long day in which the 
untreated plants remained in the vegeta- 
tive condition. 
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MOVEMENT OF EXTERNALLY APPLIED PHENOXY COMPOUNDS IN 
BEAN PLANTS IN RELATION TO CONDITIONS FAVOR- 
ING CARBOHYDRATE TRANSLOCATION 


PAUL J. LINDER', JAMES W. BROWN’, AND JOHN W. MITCHELL? 


Introduction 

It was concluded from earlier work (1) 
that, when 2,4-D (2,4-dichlorophenoxy- 
acetic acid) is applied to primary leaves 
of kidney-bean plants, the movement of 
the stimulus is closely associated with the 
movement of organic food materials and 
that, if conditions are not favorable for 
the movement of carbohydrates, they are 
also unfavorable for translocation of the 
stimulus. These conclusions were based 
on results obtained from single-leaf ap- 
plications of 0.01 ml. of water containing 
1o ugm. of 2,4-dichlorophenoxyacetic 
acid plus 0.5% Carbowax 1500. 

WEAVER and DEROsE (4), applying 10 
and 20 ugm. of ammonium 2,4-dichloro- 
phenoxyacetate in 0.02 ml. of aqueous 
mixture to leaves as droplets, found great- 
er resultant stem curvature of kidney- 
bean plants placed in direct sunlight than 
when the plants were treated and placed 
in shade. 

PENFOUND and Minyarp (2) ques- 
tioned the conclusion that the 2,4-D 
stimulus travels at the same time that 
soluble carbohydrates are being translo- 
cated. They used Red Kidney bean seed- 
lings, each primary leaf of which re- 
ceived two drops of the butyl ester of 
2,4-D in kerosene at a strength of 1000 
p.p.m., and studied translocation of the 

"13 Physiologist and Senior Physiologist, re- 
spectively, Bureau of Plant Industry, Soils, and 
Agricultural Engineering, Agricultural Research 


Administration, U.S. Department of Agriculture, 
Beltsville, Md. 


?Plant Physiologist, Camp Deégrick, Frederick, 
Md. 


stimulus in plants placed in light and in 
darkness. 

Rice (3) reported that ammonium 
2,4-dichlorophenoxyacetate applied to 
the primary leaves of bean plants was not 
translocated to other parts when the 
plants were kept in complete darkness 
after the application. The compound was 
apparently readily translocated when 
applied in a similar way to illuminated 
plants. 

The objectives of the present study 
were to determine if translocation of the 
2,4-D stimulus from leaves is associated 
with conditions favorable for the move- 
ment of photosynthate from the leaves 
when (a) phenoxy compounds of differ- 
ent molecular structure are used, (0) the 
amount of the compound applied is 
varied, and (c) the compound is used in 
different carriers. 


Experimentation 


AMOUNT OF GROWTH-REGULATOR USED. 
—Kidney-bean seedlings (Black Valen- 
tine variety) of a uniform size were se- 
lected. They had developed primary 
leaves that.were approximately 2 inches 
across, and the trifoliate leaves were still 
tightly folded in the terminal buds. Their 
primary leaves were depleted of readily 
available carbohydrate reserves by plac- 
ing the plants in darkness for a period of 
18 hours. 

A ring of lanolin 4 mm. in diameter 
was stamped on. the upper surface of one 
primary leaf of each plant so that the 
ring extended an equal distance on each 
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side of the midrib and was located 3 inch 
away from the junction of leaf blade and 
petiole. 2,4-Dichlorophenoxyacetic acid 
was dissolved in 95% ethyl alcohol, and 
a series of dilutions was made with alco- 
hol, so that a o.o1-ml. aliquot contained 
2, 10, or 200 ugm. of the acid. The plants 
were then divided into four groups of six 
plants each. Each plant of the first group 
was treated by placing 0.01 ml. of 95% 
ethyl alcohol on the area of leaf inclosed 
by the lanolin ring. This group of plants 
was designated as controls. Plants of the 
second group were treated by placing 
0.01 ml. of alcoholic solution containing 
2 pgm. of the acid on each leaf in a simi- 
lar fashion. Those of the third and fourth 
groups received similar applications us- 
ing 10 and 200 umg. of the acid, respec- 
tively. Each group of plants was then di- 
vided equally, and half of them were 
placed in total darkness while the re- 
maining ones were illuminated daily for 
periods of 15 hours by means of Daylite 
fluorescent tubes which furnished light of 
goo-foot-candle intensity at the surface 
of the treated leaves. All plants were 
placed at temperatures that varied be- 
tween 70° and 75° F. 

During the 24 hours immediately 
following applications all illuminated 
plants, except controls, developed stem 
curvature, which indicates that the 2,4-D 
stimulus had been translocated from 
their leaves to their stems. In contrast, 
plants in total darkness and treated with 
the growth-regulator failed to develop 
stem curvature during the first 24 hours 
following application, which indicates 
that the stimulus was not translocated 
from their leaves to their stems. Al- 
though the experiment was continued for 
3 days, treated plants in darkness failed 
to develop stem curvature. Thus, varia- 
tions in the amount of 2,4-D applied did 
not alter the relation of light and dark- 


ness to apparent translocation of the 
stimulus. 

It was thought that the stems of the 
plants in darkness might possibly have 
failed to show curvature because of the 
reduction in the amount of carbohy- 
drates in them as the result of the pro- 
longed period of darkness. This was not 
the case, however, as shown by a test 
made by applying 10 ugm. of the acid di- 
rectly to the first internode of a control 
plant after it had been in darkness for 41 
hours. This plant, still in darkness, de- 
veloped very marked stem curvature 
within 12 hours after application, thus 
indicating that its stem was still able to 
respond visibly to the growth-regulator. 

Another experiment was made as de- 
scribed above except that plants in a 
somewhat later stage of development 
were used. The primary leaves were fully 
expanded, and blades of the first trifoli- 
ate leaves were approximately 2 inches 
long. Results with the acid form of 2,4-D 
on these larger plants were identical with 
those obtained with younger ones. 

TRANSLOCATION OF ESTERS OF PHE- 
NOXY COMPOUNDS IN OIL CARRIERS.— 
Butyl2,4-dichlorophenoxyacetate,-octyl 
2,4-dichlorophenoxyacetate, octadecyl 
2,4-dichlorophenoxyacetate, and the bu- 
tyl ester of 2,4,5-trichlorophenoxyacetic 
acid were used. Each chemical was dis- 
solved in three separate carriers: kero- 
sene, Varsol, and motor oil (S.A.E. 20). 
In each mixture 0.01 ml. contained 200 
ugm. of the ester, and 0.01 ml. was ap- 
plied per leaf by means of a 0.1-ml. pi- 
pette graduated in o.o1-ml. divisions. Of 
the twelve different mixtures, each com- 
pound was tested in the different carriers 
simultaneously. 

In preliminary experiments it was 
found that when the oils, particularly 
kerosene and Varsol, were placed on bean 
leaves, they spread, by surface creeping, 
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away from the region to which they were 
applied and traveled mainly along the 
veins to the petiole, then down the peti- 
ole to the stem. In some instances kero- 
sene and Varsol moved in this manner 
from the leaves, where they were applied, 
to the terminal buds of bean seedlings. It 
was therefore necessary to block move- 
ment of the mixtures in which oil carriers 
were used, in order to treat a known area 


Lanolin 





Treatment Site 


Lonolin 


Fic. 1.—Method of using lanolin to prevent 
spreading of oil mixtures of growth-regulators on 
surface of leaf. 


of leaf surface. For this reason two V- 
shaped lanolin bands were placed on the 
upper surface of one primary leaf of each 
plant so as to block surface spread of the 
oil mixtures (fig. 1). All leaves treated 
with oils were blocked in this manner. 
Failure to take such precaution may, at 
least in part, account for discrepancies 
between the conclusions reported by 
PENFOUND and MINyarpD (2) and those 
reported here. 

Twenty-four bean seedlings (Black 
Valentine variety) were selected for size 
and uniformity. They were first placed in 
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darkness for a period of 18-24 hours so as 
to deplete them of readily translocatable 
carbohydrates in their primary leaves. 
Then, after application of the oil-ester 
mixtures, twelve of the plants, each 
treated with a different mixture, were 
placed under continuous fluorescent 
light; and twelve corresponding ones 
were placed under a frame covered with 
black cloth so that they were in darkness 
during the entire experiment except for a 
period of about 5 minutes when the ap- 
plications were made. During this short 
period the plants were exposed to diffuse 
light of very low intensity. Each experi- 
mental setup was replicated three times 
and was repeated three times, and similar 
results were obtained each time. 
Illuminated plants to which the mix- 
ture of butyl ester of 2,4-D and motor oil 
was applied developed definite stem cur- 
vature within 4 hours after application. 
Illuminated plants treated with the kero- 
sene and the Varsol mixtures of this ester 
developed slight stem curvature during 
the same period. The curvature persisted 
in all the treated plants that were illumi- 
nated, and at the end of 3 days the ex- 
periment was discontinued. In contrast, 
none of the similarly treated plants kept 
in darkness developed stem curvature. 
All the plants treated with the butyl 
ester of 2,4,5-trichlorophenoxyacetic acid 
that were illuminated developed stem 
curvature within 24 hours, thus indicat- 
ing that this ester was translocated from 
illuminated leaves to the stems irrespec- 
tive of the type of carrier used. In ‘con- 
trast, similarly treated plants kept in 
darkness failed to develop stem curva- 
ture even during an extended period (3 
days) following application, which indi- 
cates that the stimulus was not translo- 
cated from the leaves of these plants. 
Illuminated plants treated with 1-oc- 
tyl 2,4-dichlorophenoxyacetate and octa- 
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decyl 2,4-dichlorophenoxyacetate in the 
three different carriers produced stem 
curvature within a few hours after appli- 
cation, thus indicating that, under condi- 
tions favorable for the translocation of 
photosynthate, the stimuli were moved 
from the leaves to the stems of these 
plants, regardless of the type of carrier 
used. Plants treated in a similar fashion 
but kept in darkness failed to develop 
stem curvature. These results indicate 
that the complex esters of phenoxyacetic 
acid used behave in a manner similar to 
the acid or other shorter-chain esters in 
that the translocation of their stimuli 
from the leaves to the stems of bean 
plants is apparently associated with con- 
ditions favorable for the translocation of 
photosynthate. 

In many cases some local injury to 
leaves was observed near the region to 
which the oils were applied. This type of 
injury was apparent on plants placed in 
light as well as those kept in darkness. 

It is realized that some of the ester 
forms of phenoxy compounds used vola- 
tilize at room temperature and that the 
vapors may become concentrated within 
an inclosure and bring about stem curva- 
ture. The possibility that vapors of the 
esters used may have moved from the 
treated area of the leaves through the air 
to the stems of the test plants and in- 
duced them to develop curvature was 
therefore considered. 

One-hundredth ml. of pure butyl 2,4- 
dichlorophenoxyacetate was applied to 
the upper surface of one primary leaf of 
a bean plant. This plant was then in- 
closed in a gastight cellophane bag to- 
gether with two other comparable bean 
seedlings, so that the stems of the two 
untreated plants were approximately the 
length of the petioles away from the 
treated leaf. This experiment was carried 
out at an air temperature of about 70° to 


) 


75 F. A comparable experiment was 
made in another room in which the air 
temperature ranged 10° F. higher than 
that of the first room. The objective of 
this experiment was to determine if the 
vapors of the ester would travel through 
static air under these conditions and in- 
duce stems of the untreated plants to de- 
velop a curvature. Their stems, however, 
failed to develop curvatures during a pe- 
riod of 3 days, at the end of which time 
the experiment was discontinued. These 
results indicate that vapors of butyl 
2,4-dichlorophenoxyacetate did not ac- 
count for the stem curvature that devel- 
oped in illuminated plants in the earlier 
experiments. 


Conclusions and summary 


It was shown earlier by MircHELL and 
Brown (1) that the movement of the 
2,4-D stimulus was associated with the 
translocation of photosynthate rather 
than with photosynthesis itself. In those 
experiments kidney-bean plants whose 
leaves contained approximately 2.5 to 
3.5% total sugars responded to the 2,4-D 
stimulus even though they were kept in 
darkness following application. 

In experiments reported here the 
translocation of the 2,4-D stimulus from 
kidney-bean leaves was studied in rela- 
tion to the type of phenoxy compounds 
used, the amount applied, and the kind 
of carrier employed. 

The stimuli from phenoxy compounds, 
including 2,4-dichlorophenoxyacetic acid, 
butyl 2,4-dichlorophenoxyacetate, n-oc- 
tyl 2,4-dichlorophenoxyacetate, octa-de- 
cyl 2,4-dichlorophenoxyacetate, and bu- 
tyl 2,4,5-trichlorophenoxyacetate, were 
apparently translocated most readily 
from the leaves of bean plants to their 
stems under conditions which favored 
the translocation of photosynthate from 
the leaves. The number of carbon atoms 
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in the ester side chains did not influence 
the relationship between the transloca- 
tion of the stimulus and the movement of 
photosynthate. It is concluded from 
these results that stimuli from growth- 
regulators of the phenoxy type used are 
all translocated in a common manner 
from the leaves of bean plants and that 
the mechanism of translocation of the 
stimuli directly or indirectly involves the 
translocation of carbohydrates or other 
photosynthate from the leaves. 

The relationship between transloca- 
tion of the stimulus of the growth-regu- 
lating substances used and translocation 
of photosynthate was not influenced by 
varying the amounts of the chemicals ap- 
plied over a range of 10-200 ywgm. In 
some instances the amount of phenoxy 
compound used was sufficient to kill the 
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leaf tissues in the treated region. The 
translocation of the growth-regulator 
stimulus may have been somewhat re- 
tarded in these leaves because of the in- 
jurious effect of high concentrations of 
the acid. Since slight stem curvature was 
obtained in some plants whose illuminat- 
ed leaves were injured in this manner, it 
was evident that even with these rela- 
tively large amounts, the translocation 
of the stimulus was closely associated 
with conditions favoring the transloca- 
tion of photosynthate from the leaves. 

The translocation of the stimulus of 
the growth-regulating substances was re- 
lated to conditions favoring photosyn- 
thate translocation from the leaves of 
bean plants regardless of whether the 
growth-regulator was mixed with alco- 
hol, kerosene, Varsol, or motor oil. 
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COMPARATIVE VOLATILITY OF VARIOUS FORMS OF 2,4-D 


PAUL C. MARTH’ AND JOHN W. MITCHELL’ 


Greenhouse experimentation with the 
volatile forms of growth-regulators has 
been limited by the ever present danger 
of contaminating the house with vapors 
that may affect plants in other experi- 
ments. Vapors that may condense on the 
glass or wood are extremely difficult to 
remove. Several weed-killing commercial 
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preparations of 2,4-D contain the ester 
forms of the compound (2,4-dichlorophe- 
noxyacetic acid), and the fumes have in 
some instances caused damage to sensi- 
tive field-grown crop plants situated 
some distance from the treated areas. 
This report concerns laboratory and 
greenhouse tests of a number of esters of 
2,4-D to determine if some of these are 
more volatile than others and if the inclu- 
sion of different types of oil carriers 
would reduce vaporization. 
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Material and methods 

To avoid contamination of the labora- 
tory or greenhouse with fumes of the es- 
ters, both the plants and the chemicals 
under test were sealed in gastight con- 
tainers that permitted transmission of 
light. Large bell jars were used in the 
earlier experiments; but these were dif- 
ficult to clean, and most of the tests were 
therefore conducted with gastight cases 
constructed of cellophane which were dis- 
carded after each test. The cellophane 
cases were made up in quantity by the 
use of a wooden form (a 33 X 3} X 16- 
inch block). Individual sheets of cello- 
phane (16 X 24 inches) were wrapped 
around the form, leaving a 1-inch over- 
lapping edge, which was sealed with a 
hot iron. One end of the case was over- 
lapped and sealed on the form so that the 
case retained a square shape when re- 
moved. 

Young rapidly growing plants of snap 
bean (Black Valentine) and tomato 
(Marglobe) were used as test plants. 
They were grown in rich potting soil in 
3-inch pots. In testing the volatility of a 
2,4-D compound, it was first dissolved in 
95% grain alcohol; 1 ml. of the alcoholic 
solution was then soaked evenly into a 
sheet of no. 1 Whatman filter paper. The 
alcohol was allowed to evaporate, and 
the impregnated paper was then inserted 
into a cellophane case along with a pot- 
ted bean plant. All compounds used were 
of pure grade. The open end of the case 
was then sealed with a hot iron. At all 
times care was taken that the treated 
paper did not come in contact with the 
plant. Any growth-regulating reaction 
which ensued, such as bending of leaves 
or stems, must, therefore, be a response 
to vapors which moved through com- 
paratively static air onto the plant. Con- 
trol plants sealed without the presence of 
an ester generally grew for a period of 5-7 


days without apparent injurious effects 
from being thus inclosed. 


Experimentation 

In preliminary experiments the acid, 
salt, and amide forms of 2,4-D were tested 
for volatility. Individual bell jars were 
used for each compound. Three bean and 
three tomato plants were placed under 
each jar along with 1 gm. of chemical, 
spread in an even layer in an open Petri 
dish prior to sealing the bell jar. The 
plants were not permitted to come in di- 
rect contact with the chemicals and were 
grown for 1 week in the greenhouse 
(65°-90° F.). 

Under these conditions no epinastic or 
other growth-regulating effects were ob- 
served in the bean or tomato plants when 
sealed with the following forms of 2,4-D: 
2,4-D acid (obtained from two sources), 
sodium salt (two sources), ammonium 
salt (one source), triethanolamine salt 
(one source), morpholine salt (one 
source), and the amide (one source). 

This experiment was repeated, and the 
plants were left sealed for a period of 10 
days. At the end of this extended period 
they showed no epinastic effects. The 
foliage was somewhat yellowed, however, 
which may have been due to lack of aera- 
tion or other general cause, since the 
sealed control plants behaved in a similar 
manner. It is concluded, therefore, that 
under the condition of these tests the 
acid, the salt, and the amide forms of 
2,4-D, when present in pure form, do not 
give off vapors that visibly affect such 
extremely sensitive test plants as bean 
and tomato. 

The methyl, ethyl, and butyl ester 
forms of 2,4-D (1 gm. each) were set up 
in a similar manner with bean and toma- 
to plants sealed in bell jars. After a peri- 
od of 1 hour the tomato plants showed 
epinastic bending of their leaflets, and 
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after 3 hours they had developed pro- 
nounced epinasty. The bean plants re- 
sponded more slowly; but in comparison 
with the sealed control they showed some 
effects of vaporization of the chemicals 
within 3 hours after sealing. All plants 
were severely twisted and bent when left 
sealed overnight with these esters (17 
hours at 65°-75° F.). 


TABLE 1 


RELATIVE EPINASTY* ON BEAN PLANTS SEALED 
IN CELLOPHANE CASES WITH 0.2 MG. OF VARI- 
OUS ESTER FORMS OF 2,4-D. EACH ESTER WAS 
IMPREGNATED INTO FILTER PAPER SO THAT 
IT DID NOT COME IN DIRECT CONTACT WITH 

PLANTS EXCEPT BY VOLATILIZATION 








LENGTH OF TIME AFTER SEALING 





Type of 2,4-D 

















ESTER | : oh fi | 
| hours} hours hous | 4 days 
Methy! +| ++ | +++ | Dead 
Ethy] ° + = wa | at 
Buty] ° ° a aaa 
Isobutyl. | ° ° ~ spe 
Amyl | oO ° + } ++ 
Isoamy). . ee cs, ° + | ++ 
Isopropyl ° + ++ +++ 
Allyl ° ° _ | +++ 
Phenyl ° ° + is a a 
Beta-chloroethyl| o ° + | + 
N-octy] ° ° + i+ 
Octadecy] : ° ° ° | + 
Untreated (but | 
sealed). . ° ° ° | ° 
*o = no epinastic effects; + = trace of epinasty; ++ = 


noticeable epinasty; +++ pronounced epinasty. 


After removal of the plants and the 
Petri dishes containing the chemicals, 
two fresh tomato plants were sealed in 
each of the ester-contaminated bell jars. 
These plants developed pronounced epi- 
nasty when left sealed overnight. One 
rinsing and scrubbing with 95% alcohol, 
followed with water, failed to remove all 
traces of the esters on the inner wall of 
the bell jars as evidenced by further seal- 
ing tests with tomato plartts. After three 
rinsings and scrubbings with 95% alco- 
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hol, followed by three with water, the 
jars failed to show further positive effects 
on tomato plants even when the plants 
were left sealed in them for several days. 

Further testing of volatility was done 
with bean plants sealed in cellophane 
cases. In all instances a known amount of 
the chemical was introduced and permit- 
ted to volatilize from a sheet of the no. 1 
filter paper. Four to ten plants were used 
in each treatment, with one plant in each 
cellophane case. 

In a preliminary experiment to deter- 
mine if some of the esters of 2,4-D may 
volatilize more slowly than others, sheets 
of filter paper were impregnated with 50 
mg. of the methyl, ethyl, butyl, isopro- 
pyl, or amyl esters, respectively, and 
sealed in with the bean plants. With this 
amount of chemical all plants, except the 
sealed controls, developed strong epinas- 
ty during an overnight period (17 hours), 
and the compounds appeared to be about 
alike with respect to volatility. Further 
tests were made with filter papers im- 
pregnated with these esters at rates of 25, 
10, I, 0.5, 0.2, and o.1 mg. At the o.2-mg. 
rate the amyl ester showed much less 
epinastic effect on bean plants when 
sealed for 4 days than did the other es- 
ters. At a dosage of o.1 mg. all esters 
failed to induce any marked effects on 
the plants during this period. 

Vapors were given off by each of the 
twelve different 2,4-D esters that were 
used, and these caused a noticeable epi- 
nastic effect on bean plants during the 
4-day period (table 1). The methy] ester 
was most volatile and produced a marked 
effect on plants after 3 hours of exposure. 
The ethyl, butyl, isobutyl, isopropyl, 
allyl, and phenyl esters apparently built 
up rather strong concentrations of vapors 
within the cases, so that the test plants, 
although not dead, were severely dam- 
aged. Certain esters, such as the amy], 
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isoamyl, beta-chloroethyl, m-octyl, and 
the octadecyl, volatilized more slowly. 
The last three induced only a slight stem- 
bending. 

Ester forms of 2,4-D disperse very 
readily in oils and fats of various kinds. 
To test the effect of these carriers on vol- 
atility, preliminary tests were made us- 
ing methods already described. The 
butyl ester was dispersed evenly in lano- 
lin, motor oil (S.A.E. 20), and corn oil, 
respectively. One ml. of each of these 
materials was used as a carrier for 0.2 
mg. of the butyl ester and was distribut- 
ed uniformly onto filter paper, then 
sealed in separate cellophane cases with 
bean plants. In this test both lanolin and 
corn oil reduced volatilization of the es- 
ter, so that test plants did not show epi- 
nasty during a 4-day test period. Motor 
oil reduced volatilization but did not en- 
tirely prevent it. Plants inclosed with an 
equal amount of the ester alone devel- 
oped strong epinasty. 

In extending these tests with oil car- 
riers, the butyl ester was dissolved in 
Varsol, kerosene, diesel oil, motor oil 
S.A.E. 20, motor oil S.A.E. 50, castor oil, 
corn oil, and cottonseed oil, respectively. 
The filter papers were impregnated with 
the ester at the rate of 500 mg. in 1 ml. 
of oil per paper. Under the conditions of 
this test diesel oil, corn oil, and cotton- 
seed oil prevented volatilization of the 
ester, so that the test plants remained 
unaffected during a 4-day period of in- 
closure. On the other hand, Varsol, kero- 
sene, castor oil, and both the light and 
the heavy grade of motor oil failed to 
prevent volatilization of the ester. Plants 
sealed with the heavy motor oil-ester 
combination developed epinasty some- 
what more slowly than plants sealed with 
comparable amounts of the ester alone. 

This experiment was repeated, and 
similar results were obtained. Upon re- 
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moval from the cases in this test the 
plants were placed in the greenhouse and 
allowed to develop to the flowering stage. 
Plants that had developed epinastic re- 
sponses in the cases later produced 
leaves that were characteristically de- 
formed, as though the plants had re- 
ceived a direct spray or dust treatment 
with 2,4-D. Comparable plants from 
treatments that failed to induce epinastic 
effects remained free of leaf abnormal- 
ities. 

In some of the earlier tests the octa- 
decyl ester appeared less volatile than 
some of the other esters, such as the 
methyl, ethyl, buty], or isopropyl. An ex- 
periment was set up to test the effects of 
mixing the octadecyl] ester in diesel oil. 
Ten bean plants were therefore sealed in 
separate cellophane cases with filter pa- 
pers impregnated with 500 mg. of the 
ester in 1 ml. of diesel oil. Comparable 
lots of plants were sealed with the ester 
alone, and others were sealed without 
any growth-reguiator. In this experiment 
the ester failed to volatilize out of the 
diesel oil during a period of 7 days, as 
judged by the appearance of the plants in 
comparison with the controls. Epinastic 
effects were present on all plants inclosed 
in cases with the ester not mixed with 
diesel oil. Upon removal from the cases to 
the greenhouse the plants from the ester— 
diesel oil treatments developed to flower- 
ing without abnormal leaf or other de- 
formities. 


Discussion and conclusion 


On the basis of biological tests with 
young rapidly growing bean or tomato 
plants, certain esters of 2,4-D are appar- 
ently much more volatile than others. Of 
twelve different esters used, the methyl 
ester was by far the most volatile. When 
placed in close proximity to sensitive 
plants in fairly large dosages, however, 
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there did not appear to be much differ- 
ence among the methyl, ethyl, butyl, and 
isopropyl esters of 2,4-D in inducing epi- 
nastic effects on the test plants. These re- 
sults indicate that large amounts of va- 
pors masked the differences in volatility. 

The rate of volatilization of such an es- 
ter as the butyl, which volatilizes readily 
at room temperature, can be markedly 
reduced by dispersing it in certain oils, 
such as diesel, corn, or cottonseed. In the 
present experiments Varsol, kerosene, 
motor oil (S.A.E. 20 or 50), and castor oil 
were not effective in reducing volatility. 

One ester in particular, the octadecy], 
appeared to be much less volatile than 
others tested. When combined with die- 
sel oil, the volatilization of this ester was 
apparently reduced in marked degree, 
and young bean plants grew for a week in 
a confined atmosphere exposed to the 
combination on filter paper without evi- 
dence of epinasty or other growth re- 
sponse. 

The relative herbicidal potency of sev- 
eral of the esters used in the present ex- 
periments has not been determined. The 
temperatures used in the several tests 
ranged from 65° to 95° F. It is logical to 
assume that lower or higher tempera- 
tures than those used might greatly influ- 
ence the results. 


Summary 


1. Young rapidly growing bean and to- 
mato plants were inclosed in bell jars and 
cellophane cases together with 2,4-di- 
chlorophenoxyacetic acid (2,4-D) and 
various salts and esters of this acid in a 
study of the relative volatility of these 
herbicides. Pure forms of the chemicals 
were used, and none of them was per- 
mitted to come in direct contact with the 
test plants. Any plant growth-regulating 
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effects, such as epinasty, bud inhibition, 
or formative effects, that subsequently 
developed were accordingly the result of 
vaporization of the chemicals and move- 
ment of the vapors through rather static 
air onto the test plants. 

2. On the basis of this rather sensitive 
biological test the acid, sodium salt, tri- 
ethanolamine salt, and amide forms of 
2,4-D were nonvolatile. All esters that 
were tested (the methyl, ethyl, butyl, iso- 
butyl, amyl, isoamyl, isopropyl, ally], 
phenyl, beta-chloroethyl, n-octyl, and 
octadecyl) volatilized and produced 
growth effects on the test plants. Certain 
esters, namely, the methyl, ethyl, butyl, 
and isopropyl, appeared to be more vola- 
tile than the others tested; but, when 
present in high concentrations and in 
close proximity to the plants, very little 
difference in relative volatility could be 
detected among the various esters. 

3. When dissolved in certain oils, such 
as diesel, corn, or cottonseed, the volatili- 
zation of the esters was greatly reduced. 
Other oils, such as Varsol, kerosene, 
motor oil (S.A.E. 20 or 50), and castor 
oil, had very little effect, if any, in reduc- 
ing volatilization. Young test plants that 
were inclosed for a period of 1 week with 
the octadecy] ester dissolved in diesel oil 
and then grown to flowering failed to 
show any growth effects, while compa- 
rable plants subjected to vapors of the es- 
ter alone developed severe formative ef- 
fects on leaves and stems. 


Appreciation is expressed to the fol- 
lowing companies for supplying certain 
chemicals that would otherwise have 
been difficult to obtain for this work: 
American Chemical Paint Co., Baker 
Chemical Co., Dow Chemical Co., and 
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ASPARAGINE CONTENT OF BURLEY TOBACCO 
AFTER LONG STORAGE 


WILLIAM L. HOWARD’ AND SIMON H. WENDER 


Introduction 


The changes which occur in the quan- 
tity of asparagine in tobacco leaves fol- 
lowing their removal from the plant have 
been of much interest to plant scientists. 
In a comprehensive study of the chemical 
changes that occur in leaves of Connecti- 
cut shade-grown tobacco during early 
stages of curing, VICKERY et al. (1) re- 
ported that the synthesis of amides, in- 
cluding asparagine, proceeded with slight- 
ly increasing velocity for the first 159 
hours and then began to diminish. By the 
time the leaves had passed fully into the 
yellow stage of curing, the synthesis of 
amide practically ceased. 

YouNG and JEFFREY (3), in a study of 
changes in certain water-soluble nitrog- 
enous constituents of burley tobacco 
during curing, found that in the 1939 
crop the asparagine content of the curing 
tobacco increased to almost six times its 
initial value in the first 3 days of curing 
but that after this there was no signifi- 
cant change. In the 1940 crop the aspar- 
agine nitrogen was reported to have in- 
creased to over eight times its initial 
value in about 4 days and then remained 
constant. However, YOUNG and JEFFREY 
(3) reported a re-examination of some 
samples for glutamine content after stor- 
age of the tobacco and found their values 
to be low on comparison with those be- 
fore storage. They suggested that amides 
may decompose during long storage. 

In view of these experiments it is of in- 
terest to report that asparagine has been 
isolated in a relatively high percentage 


t At present, a Rhodes Scholar, Oxford, England. 


from cured burley tobacco which had 
been in storage from 1942 until used in 
1948. 


Material, methods, and results 


Lug burley tobacco, Nicotiana taba- 
cum, was grown in 1942 on the farms of 
the Kentucky Agricultural Experiment 
Station at Lexington. This was air-cured 
until dark brown, under the supervision 
of Dr. R. N. JEFFREY. The tobacco was 
donated to one of the present authors, 
who stored all of it in heavy cardboard 
boxes in a cool, dry basement until the 
fall of 1945, when the tobacco was finely 
divided in a hammer mill and again 
stored, this time in heavy canvas bags. In 
1946 these bags of tobacco were shipped 
from Kentucky to Oklahoma and stored 
there until used in this investigation in 
1947-48. 

While attempting to isolate flavones 
from this tobacco, the authors found that 
a crystalline substance kept precipitating 
out of the solutions. These crystals, on 
purification, were identified as those 
of asparagine. The authors thereupon 
adapted the direct method described be- 
low for isolation of the asparagine from 
the tobacco in maximum yield. 

In a round-bottomed flask on a sand 
bath, 200 gm. of tobacco were boiled with 
1 liter of water for 1 hour with occasional 
stirring. The mixture was filtered imme- 
diately by suction and the residue 
washed with hot water in small portions. 
The liter of solution obtained was then 
concentrated to 100 ml., and the solution 
was again filtered, and the residue 
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washed with hot water. The resultant 
solution was concentrated further to 
about 80 ml. Although crystal formation 
commenced readily on cooling, to insure 
complete crystallization the viscous con- 
centrate obtained was allowed to stand 
for 1 week at low temperature, and the 
solid material which separated was re- 
moved by centrifuging. This material 
was extracted twice with hot 20-ml. por- 
tions of 95% alcohol, in which asparagine 
is only sparingly soluble, to remove im- 
purities. 

From the remaining solid residue, re- 
peated recrystallizations from water and 
concentration of these mother liquors 
yielded 4.4 gm. of large, colorless crystals 
of asparagine monohydrate, whose iden- 
tity was established by the following 
tests: 

MELTING POINT. In sealed capillary 
tube, slow heating, 226° C. with decom- 
position; placed in a hot bath, 235°-236° 
C. with decomposition. Reported in lit- 
erature: 226°-227° C. and 235°-236° C., 
respectively. 

ANALYsIs. Amide nitrogen was deter- 
mined by distillation of ammonia into 
standard acid from 10% sodium hydrox- 
ide solution. Calculated: N, 9.33%. 
Found: N, 9.41%. Total nitrogen was de- 
termined by a modified Kjeldahl method, 
using selenium as catalyst. The determi- 
nation was performed on the anhydrous 
material. Calculated: N, 21.21%. Found: 
N, 21.1%. Water of crystallization was 
determined by drying to constant weight 
at 110° C. Calculated: Water, 12.00%. 
Found: Water, 12.02%. 

DERIVATIVE. Aspartic acid was pre- 
pared from the asparagine by acid hy- 
drolysis, and then crystallization from 
water. The acid decomposed sharply at 
271° C. Reported: d. 269°-271° C. 
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Discussion 

VICKERY and PuCHER (2), using a 
method involving precipitation with 
mercuric nitrate, isolated 17.9 gm. of as- 
paragine monohydrate from 13.4 kg. of 
fresh tobacco leaves which had been al- 
lowed to stand, after picking, for 3 days. 
The weight had diminished by that time 
to 11.1 kg. Estimating from the weight of 
fluid pressed out, their leaves were about 
90-95% moisture. Thus, their yield of 
asparagine was approximately 2.6%, on 
the dry-weight basis. The isolated as- 
paragine does not represent the total as- 
paragine content of the tobacco. 

Younc and JEFFREY (3) did not actu- 
ally isolate their asparagine. 

Although the plants used in this inves- 
tigation are not directly comparable with 
those used by VICKERY and PuCHER, the 
yield obtained in this study, namely 
2.2%, on an air—dry-weight basis, com- 
pares favorably with their asparagine 
yield. 

Since both VicKERY ef al. (1) and 
Younc and JEFFREY (3) agreed that by 
the time the later (browning) stage of 
curing has been reached the over-all as- 
paragine content of the tobacco has 
ceased to increase or has actually begun 
to diminish, and since the value found in 
this study for asparagine isolated from 
cured tobacco after long storage is not 
much less than the value obtained by 
VicKERY and PUCHER upon isolation of 
asparagine from their tobacco near the 
peak of its asparagine content, it would 
appear that the long storage of the cured 
tobacco in question did not result in a 
heavy loss of asparagine. 


Summary 


1. Asparagine has been isolated from 
lug burley tobacco, Nicotiana tabacum, 
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after 6 years of storage, with a yield of 
2.2%, based on the weight of the air- 
dried plant. Such a relatively high per- 
centage, on actual isolation, tends to in- 
dicate that no heavy, over-all loss of as- 
paragine occurred in this tobacco on long 
storage. 

2. A direct method for isolating as- 
paragine from tobacco has been de- 
scribed. 
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